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ABSTRACT 

 Peripheral arterial disease (PAD) is a progressive disease that affects up to 10% of the 

population worldwide.  The burden of this disease on individuals, health systems, and 

communities remains high and will likely only increase as our population continues to age.  

While treatment and prevention paradigms for this disease are continuing to progress, new and 

novel therapies are being studied regularly.  Increasingly, the role of endogenous and exogenous 

sex hormones (including estrogen and testosterone) in the development and treatment of 

cardiovascular diseases is being examined.  In this thesis we evaluate the association between 

baseline endogenous sex hormone levels and peripheral arterial disease in a multi-ethnic 

population cohort from the Multi-Ethnic Study of Atherosclerosis (MESA). 

 We hypothesized that there would be an association between baseline endogenous sex 

hormone levels and prevalent and incident PAD.  We also hypothesized that there would be an 

association between baseline endogenous sex hormone levels and ankle brachial index (ABI).  

Likewise, we hypothesized that this effect would be modified by gender.  In the first chapter, we 

will describe the natural history, epidemiology, and treatment of PAD.  We will also present 

literature review of the known data regarding the relationships between sex hormone levels and 

cardiovascular disease in both men and women. 

 In the second chapter, we will present a manuscript in which we evaluate the 

association between baseline sex hormone levels and incident and prevalent PAD as well as 

change in ankle brachial indices in the MESA cohort.  The third chapter presents ancillary studies 

during this analysis and discussion of future endeavors in the evaluation of sex hormone levels 

and PAD. 
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CHAPTER ONE: THE PROPOSAL 

Background 

 Peripheral arterial disease (PAD) is a progressive and often debilitating disease affecting 

the arterial circulation of the lower extremities. PAD affects 3 to 10% of the overall population 

with prevalence rates reaching 15-20% in people over the age of seventy.1  Globally, 202 million 

people are affected by PAD and, of those with disease, only 25-33% have clinical symptoms of 

PAD making it a largely subclinical disease.2  However, of those who develop symptomatic PAD, 

twenty-five percent will progress to the need for surgical intervention3 while many more will 

require intensive medical therapy and lifestyle modification therapy to prevent progression of 

disease.  While remaining asymptomatic in a large number of patients, the presence of PAD is 

strongly associated with adverse cardiovascular disease events and cardiovascular mortality..4  

As such, PAD serves as a surrogate marker for more diffuse cardiovascular disease processes 

including coronary artery disease and cerebrovascular disease.  Given that atherosclerotic 

cardiovascular disease is the leading cause of death in most developed countries throughout the 

world, efforts are being made in all areas of healthcare and public health to address this global 

public health challenge. 

  Given the prevalence and progressive nature of PAD combined with the rapidly aging 

United States population, PAD represents a potential major cause of morbidity and mortality as 

well as a major source of healthcare expenditures.  Current estimates suggest that over $21 

billion are spent annually in the care of patients with PAD and this burden of disease is likely to 

increase over time.5,6 Thus, research is ongoing regarding lifestyle modification, medical therapy, 
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and surgical interventions that are aimed at attenuating the progression of the disease process.  

The treatment (and prevention) algorithms for PAD are continuously adapting to new 

discoveries and technology.  Enhanced surgical techniques, targeted pharmacotherapy, smoking 

cessation programs, supervised exercise programs, and better screening techniques are all being 

furthered to improve outcomes in this growing population of patients. 

Peripheral arterial disease is a progressive disease process that is associated with aging.  

Its prevalence is much higher in patients over the age of seventy.1,2,7 Aging in men and women 

predisposes patients to PAD.  However, the mechanism of this association is uncertain.  Many 

etiologies are suggested including increased inflammatory mediators, hypertension, exposure to 

exogenous risk factors, and physiologic changes with aging.  Links between endogenous sex 

hormones and hormone replacement therapies and cardiovascular disease has sparked new 

research endeavors.8 Similarly to PAD prevalence, there is an association with aging and 

endogenous levels of sex hormones including testosterone and estrogen.9  Likewise, many 

studies suggest that sex hormones, including testosterone and estrogen, are biologically active 

hormones in vascular disease suggesting a correlation between testosterone and estrogen levels 

and incident and prevalent PAD. 8,10-12   

In this proposal we will discuss the epidemiology, natural history, and risk factors for the 

development of PAD. We will also examine the relationship between endogenous sex hormone 

levels and the development of cardiovascular disease and with PAD.  We will then explore the 

relationship between baseline endogenous sex hormone levels and incident and prevalent PAD 

in a population-based cohort of participants in the Multi-Ethnic Study of Atherosclerosis (MESA) 

subgroup. 
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Natural History/Definitions of Peripheral Arterial Disease 

Epidemiology of PAD 

Peripheral arterial disease refers to a broad spectrum of systemic atherosclerotic 

disease affecting the lower extremities.  PAD is a progressive narrowing or blockage of the 

arterial vasculature resulting in decreased blood flow to the lower extremity.  Most commonly, 

PAD is caused by atherosclerosis, an evolving formation of cholesterol-laden plaque.  It is 

multifactorial in etiology including factors such as vessel wall injury, genetic predispositions, 

inflammation, and lipid deposition.    The multiple risk factors undoubtedly have synergistic 

effects on worsening PAD.  Thus, addressing risk factors for PAD progression usually requires a 

proactive, aggressive, multidisciplinary approach to management and treatment of risk factors. 

 In the United States, there are no standardized recommendations regarding 

screening for PAD.  Thus, population prevalence is difficult to ascertain as the majority of 

patients with objective evaluations confirming PAD are, in fact, based on symptoms.  This likely 

leads to an under-reported incidence.  This has been shown in several population-based studies 

of patients with abnormal ankle-brachial index (ABI) in which few actually manifest symptoms 

consistent with PAD.13-15   

Age, tobacco abuse, diabetes mellitus, hypertension, and dyslipidemia are all known risk 

factors for the development of PAD.2 Tobacco abuse has commonly been accepted as the 

strongest risk factor for the development of PAD. Diabetes mellitus is also associated with the 

development of PAD. Diabetics have a two to four fold higher incidence of PAD with much 

higher rates of claudication and amputation than non-diabetic counterparts.16  In fact, it has 

been shown that for every 1% increase in hemoglobin A1c there is a 26% increased risk of PAD.17   
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 Figure 1.  Odds ratios for risk factors of PAD.  Adapted from Norgren et al.  Journal of 
Vascular Surgery. 45(1).  S5A-S67A. 
 

While the prevalence of PAD will likely increase as the population continues to age, 

most patients with PAD do not progress to symptomatic PAD and even fewer progress to the 

need for major limb amputation.  In individuals with asymptomatic PAD only 5-10% will develop 

symptomatic disease.  This relatively low rate is likely somewhat due to modifications to their 

lifestyle, including medical treatment for cardiovascular risk reduction..15  Since cigarette 

smoking has been shown to have a dose-dependent relationship with PAD severity, it is likely 

that smoking cessation programs will further reduce the progression to symptomatic PAD in 

asymptomatic patients.18  Likewise, exercise programs and statin therapy have also been shown 

to reduce the progression to symptomatic PAD.19   
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Intermittent Claudication 

Intermittent claudication represents the earliest form of symptomatic PAD in most 

patients.  Intermittent claudication  is defined as “extremity pain, discomfort, or weakness that 

is consistently produced by the same amount of walking or equivalent muscular activity in a 

given patient that is promptly relieved by cessation of that activity.”20 Claudication symptoms 

are thought to be induced by ischemic muscle pain with exertion and are readily reproducible. 

The walking distance until the onset of claudication symptoms is usually quantifiable.  In those 

patients that develop intermittent claudication only 20-25% will ultimately require 

revascularization while less than 5% will progress to critical limb ischemia (defined later).21,22  

Likewise, fewer than 3% of patients with intermittent claudication will require a major limb 

amputation within five years of their diagnosis.  However, when compared to their normal 

counterparts, claudicants have a 250% increase in risk of death due to cardiovascular disease 

including myocardial infarction and cerebrovascular accident.  Thus, treatment algorithms for 

claudication focusing on walking therapy, cardiovascular risk factor reduction intervention (such 

as smoking cessation programs), and pharmacotherapy are aimed at deterring PAD and overall 

mortality. 

Critical Limb Ischemia 

 Critical Limb Ischemia (CLI), manifested by ischemic foot pain at rest with or without 

ulceration or gangrene due to proven arterial occlusive disease, is often considered the “end 

stage” presentation of PAD.2,23 While CLI is a more severe form of PAD, few patients with 

claudication progress to CLI.  In fact, CLI represents 1% of all patients with PAD and many CLI 

patients were asymptomatic prior to their presentation with CLI.  In a prospective study from 

the Pittsburgh Veterans Affairs medical center, after multivariate analysis, the risk factors for 

progression from claudication to CLI included insulin-dependent diabetes mellitus and low initial 
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ABI.24 While manifesting with significant lower extremity symptoms, CLI also has a significant 

overall health prognostic value with an all-cause mortality of 20% within the first year of the 

diagnosis and 50% mortality within five years.23 Patients with CLI present with ankle-brachial 

indices that are markedly lower than their claudicant counterparts.  With each incremental 

decrease in ABI there is an increased risk of fatal and non-fatal cardiovascular events as well as 

overall mortality.25  Likewise, Resnik et al. showed that lower ABIs are similarly associated with 

increased all-cause and cardiovascular mortality (figure 2.).4 Since the presentation of CLI 

portends an overall increased risk of cardiovascular mortality, aggressive management of 

cardiovascular risk factors is warranted.  However, while many risk factors are known, the role 

of endogenous sex hormones in the progression of PAD has yet to be delineated. 

 

Figure 2.  Associations between baseline ABI and all-cause mortality and cardiovascular disease 

associated mortality in the Strong Heart Study.  Lower ABI and higher ABI are associated with 

increased all-cause and cardiovascular mortality.  Adapted from Resnick et al.  Circulation, 

109(6). 733-739. 

 

 It is well known that PAD affects both men and women at different ages and with 

varying levels of virulence.  Both asymptomatic and symptomatic PAD is more prevalent as age 



14 
 

increases in both men and women (see figure 3 below).2,7,26 The association with increasing age 

is undoubtedly due to multiple factors including environmental exposure, genetics, and 

comorbid conditions.  However, changes in the hormonal biological milieu (associated 

specifically with age) may also play a role in both men and women. 

 Prevalence of PAD is difficult to quantify, because routine surveillance for this largely 

asymptomatic disease is not commonly used in most countries.  The National Health and 

Nutrition Examination Survey (NHANES) was one of the first large-scale attempts to collect data 

on prevalence of PAD based upon ABIs.  The overall prevalence of PAD (ABI < 0.9) in this study 

was 4.3%.  It was evident in this study that prevalence increased with increasing age in both 

genders from 1% in patients under the age of fifty to roughly 14% in patients over the age of 

seventy (figure 3).   

 

Figure 3.  Prevalence of PAD by age and gender in the United States from the National Health and 

Nutrition Examination Survey.  Adapted from Selvin E and Thomas Erlinger. Circulation 110(6). 

738-7431 

A more recent meta-analysis performed by the American Heart Association’s (AHA) 

council on peripheral vascular disease confirmed that prevalence of PAD (ABI < 0.9) increases 

with age according to collected data from several large national databases (figure 4).27   
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Figure 4. Gender-specific prevalence of PAD according to AHA meta-analysis of several large 

national databases.  Adapted from Hirsch et al.  Circulation 125(11). 1449-1472. 

Risk Factors for PAD 

Tobacco Abuse 

 The most prominent risk factor for development of atherosclerotic PAD remains tobacco 

use.28  The vascular effects of tobacco include vasomotor dysfunction, decreased nitric oxide 

availability ( a potent vasodilator), increased low-density lipoprotein cholesterol oxidation,  

increased inflammatory mediators, inhibition of endothelial tissue plasminogen activator 

release, increased fibrinogen concentration, increased presence of vascular adhesion molecules, 

increases in platelet activity, and endothelial dysfunction.29 The synergistic effects of these 

mechanisms are responsible for the increased risk of atherosclerosis in patients who regularly 

use tobacco (figure 5).30 The effect of tobacco use appears to have a dose-dependent effect on 

PAD prevalence as heavy smokers have a much higher prevalence than non-smokers and light 

smokers.18 
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Figure 5. Proposed pathways for atherosclerotic disease development due to tobacco use.  Adapted 

from Ambrose J and R Barua.  Journal of the American College of Cardiology 43(10). 1731-

173730 

Diabetes Mellitus 

 While tobacco abuse has often been cited as the most predominant risk factor for PAD, 

diabetes mellitus also plays a major role in the development of PAD.  It has been well-

established in numerous studies that diabetes mellitus is associated with an increased risk for 

development of PAD.  Intermittent claudication has been shown to be twice as common in 

diabetic patients as compared to their non-diabetic counterparts.  In the Rotterdam study, 
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diabetes mellitus was found to be one of the main risk factors for the development of PAD.31  

Vessel wall damage due to glycosylated end products as well as vascular smooth muscle 

alteration, enhanced platelet aggregation, increased blood viscosity, and increased fibrinogen 

levels have all been thought to contribute to the pro-atherogenic state in diabetics.  

Unfortunately, patients with diabetes often suffer from other comorbid conditions, including 

peripheral neuropathy, which can confound their presentation with PAD as they will often have 

mixed disease. Neuropathic ulcerations can also occur with decreased perfusion of their foot.  

Concomitant small vessel disease can lead to an earlier presentation with CLI due to diabetic 

foot wounds.  As such, diabetes in the presence of diminished ABIs portends a worse prognosis 

than that observed in non-diabetic patients. 

  It has also been shown that PAD may be a dose-dependent relationship with glycemic 

control as it has been shown that for every 1% increase in hemoglobin A1C there is a 26% 

increased risk of PAD.2   Due to the virulence of cardiovascular disease as well as neuropathy in 

diabetic patients, it has been recommended by the American Diabetes Association that patients 

with diabetes mellitus be screened for the presence of PAD every five years.32 Because of the 

high prevalence of neuropathy, diabetic patients can often present late in their PAD disease 

course.  Many patients with diabetes receive an initial diagnosis of PAD when they develop their 

first foot ulceration which occurs in upwards of 15% of patients with diabetes mellitus.2  While 

diabetes is a significant risk factor for PAD, the role of intensive glycemic control and 

amputation risk has not been delineated.  In fact, the debate regarding glycemic control 

parameters remains an ongoing question as the ACCORD randomized-controlled trial has 

suggested an increased risk of mortality in diabetic patients undergoing intensive glycemic 

control.   
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Hyperlipidemia 

 Hyperlipidemia has classically been associated with atherosclerotic disease due to its 

effects on the vascular endothelium.  Elevated low-density lipoprotein (LDL) results in increased 

amounts of oxidized LDL molecules and subsequent increased deposition in the sub-endothelial 

layer.  This results in nitric oxide inhibition and subsequent pro-inflammatory reactions leading 

to atherosclerotic disease.  Similar to patients with coronary disease, PAD patients tend to have 

unfavorable lipid profiles including decreased high density lipoprotein (HDL), elevated LDL, and 

elevated triglycerides.  In the PAD subgroup of the Heart Protection Study, there was significant 

reduction in vascular mortality in the group randomized to simvastatin therapy regardless of 

baseline LDL levels.  These finding have led to the recommendation that all patients with PAD be 

started on statin medications and undergo diet modification to attain a goal LDL level below 

100mg/dL.2  Likewise, it is recommended that fibrates and/or niacin be considered to raise HDL 

cholesterol levels in patients with PAD. 

Hypertension 

Hypertension (HTN) has long been known to be a major risk factor for cardiovascular 

morbidity and mortality and has been recognized by the Joint National Committee to be 

associated with PAD.33  The association between HTN and PAD was found (OR= 2.2) in children 

of the original cohort of the Framingham Heart Study as well as in patients in the Rotterdam 

Study (Odds Ratio = 1.4).31,34  However, HTN appears to have less relative risk for PAD 

development when compared to diabetes and tobacco abuse.2         

Medical Treatment of PAD 

 The mainstay of treatment for peripheral vascular disease remains risk factor 

modification as PAD presents a significantly increased risk for premature cardiovascular events.  
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As with other cardiovascular disease processes, smoking cessation, lipid lowering therapy, 

diabetes management, hypertension management, antiplatelet therapy, and exercise therapy 

are important focuses of treatment in patients with PAD. 

Smoking Cessation 

Smoking cessation remains a primary goal in the treatment and prevention of PAD.  

According to recent American College of Cardiology guidelines, individuals with PAD who smoke 

cigarettes should be asked about the status of tobacco use at each visit and should be advised 

by each of their clinicians to stop smoking.  Similarly, it is recommended  that patients be 

offered comprehensive smoking cessation interventions including behavioral modification 

therapy, nicotine replacement therapy, or pharmacologic agents to assist with abstinence from 

smoking.35 Smoking cessation therapy has been shown to reduce the likelihood of amputation36, 

need for revascularization, and failure of bypass grafts37 in patients with PAD.  Patients with PAD 

who abstain from smoking have also been shown to have improved pain free walking times as 

well as increased walking distance when compared to those that continue to smoke.38 

Lipid Lowering Therapy 

Lipid lowering therapy has also been recognized as one of the most important 

treatment guidelines in patients with PAD.  HMG-CoA reductase inhibitor (statin) therapy is 

indicated in all patients with PAD to achieve a target low density lipoprotein cholesterol of less 

than 100mg/dl.35  While statin therapy has been shown to be beneficial in patients for 

cholesterol management, it has also been shown to slow the rate of functional decline in 

patients with PAD as well as improve the patency in patients who have undergone infra-inguinal 

bypass grafting for PAD.39  While statin therapy has been shown to improve outcomes and 

functional status in PAD patients, the PAD subset analysis of the Heart Protection Study found 
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that simvastatin administration also reduced incidence of major coronary events, strokes, need 

for revascularization, and major vascular events when compared to the placebo group.40 This, 

and numerous other studies, support the routine use of statin therapy in all patients with PAD 

and no contraindication to their use. 

Diabetes Management 

Diabetes management (and sequelae) is also paramount in patients with PAD.  American 

College of Cardiology recommendations have traditionally recommended glucose control 

therapies to target a hemoglobin A1C of less than seven percent to reduce microvascular 

complications as well as strict blood pressure control in those patients with PAD.35 However, the 

role of intensive glycemic control in diabetic patients has more recently been called into 

question due to an increased risk of death in patients randomized to intensive glycemic control 

in the Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial.41   Proper foot care is 

also of utmost importance in patients with diabetes.  Clinic visits should always include proper 

foot inspection and patients should be encouraged to engage in skin moisturizing and skin 

cleansing to prevent the development of ulceration. 

Antiplatelet Therapy 

Antiplatelet therapy and anti-hypertensives have also been shown to be useful adjuncts 

in the treatment of patients with PAD.  According to AHA guidelines, antiplatelet therapy in the 

form of aspirin has been shown to reduce the risk of heart attack and stroke in patients with 

PAD.35  Likewise, beta-adrenergic blocking drugs and angiotensin converting enzyme inhibitors 

have been shown to reduce the risk of cardiovascular events in patients with PAD.35 
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Supervised Exercise Therapy 

Supervised exercise therapy has now become a well-studied treatment modality for 

patients with PAD.    Murphy et al. found that supervised exercise therapy in patients with 

claudication has comparable results to stent placement with regards to walking distance and 

quality of life.42  This has now led to Medicare approval for reimbursement when patients with 

PAD are enrolled in a structured, supervised, exercise program.     

Figure 6.  Treatment algorithm for patients with PAD.  The mainstay of treatment centers upon risk 

factor modification in those patient with PAD without critical limb ischemia.  Adapted from 

Norgren et al.  Journal of Vascular Surgery 45. S5-S67.2 
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Introduction to sex hormones 

 The role of sex hormones in the development and prevention of a wide spectrum of 

diseases has been studied extensively in many medical specialties.  Hormone replacement 

therapy (HRT) and hormone receptor blockade has been used in the treatment and prevention 

of prostate cancer, breast cancer, and ovarian cancer among others.  Likewise, endogenous 

levels of sex hormones have been linked to many non-cardiovascular disease processes 

including osteoporosis, impotence, depressed mood, decreased lean body mass, and decreased 

energy.43  

  

Androgens in men 

 Testosterone is a pleiotropic steroid hormone that is the predominant androgen in 

humans and is important in the regulation of secondary sex characteristics as well as muscle 

growth.  Ninety-five percent of circulating testosterone in adult men is a result of testicular 

secretion from the Leydig cells.  Testosterone secretion by Leydig cells is tightly regulated by the 

hypothalamic-pituitary axis feedback mechanisms.  Release of gonadotropin releasing hormone 

(GnRH) by the hypothalamus stimulates luteinizing hormone (LH) release by the anterior 

pituitary gland.  GnRH release from the hypothalamus acts as the primary controller of the 

gonadal axis.  LH has a direct stimulatory effect on the leydig cells of the testis to release 

testosterone and spermatogenesis by the Sertoli cells.44   
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Figure 7.  The hypothalamus-pituitary-testes axis in men.  GnRH release from the hypothalamus will 

act on the anterior pituitary gland to release LH and FSH.  LH will stimulate testosterone 

synthesis by Leydig cells in the testes while FSH will stimulate spermatogenesis via the sertoli 

cells.    Adapted from Kloner et al.  Journal of the American College of Cardiology 67(5).  545-

557.45 

Once released, the majority of circulating testosterone in men remains bound to two 

predominant plasma proteins.  Fifty to sixty-eight percent of total serum testosterone in men 

circulates loosely bound to albumin while 30-45% circulates bound tightly to sex hormone 

binding globulin (SHBG), a major transport protein for sex hormones.  Only 0.5- 3% of overall 

circulating testosterone remains unbound, otherwise known as free testosterone.  Bioavailable 

testosterone refers to the total amount of free testosterone plus the amount that is loosely 

bound to albumin as it is thought that albumin-bound testosterone maintains biologic activity 

due to the ease with which the hormone dissociates in the capillaries.  Testosterone easily 

permeates cell membranes and binds to androgen receptors in the cytosol of most tissues.46  
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The testosterone-receptor complex then migrates to the cell nucleus to stimulate gene 

transcription. 

It has been shown that the percentage of free testosterone, the most biologically active 

form, likely fluctuates with age and comorbid conditions.47  In the Massachusetts Male Aging 

Study, Gray et al found that, on cross-sectional evaluation, free testosterone levels drop by 

1.2%/year whereas albumin-bound testosterone levels dropped by 1%/year in men between the 

ages of 40-70.  Consistent with previous studies, they found that SHBG levels actually increased 

by 1.2%/year resulting in an overall net decline in serum testosterone levels of 0.4%/year.48 In a 

more recent longitudinal evaluation of men in the Baltimore Longitudinal Study of Aging, 

Harman et al found similar results with a more rapid decline in free testosterone over time 

when compared to total testosterone.  These changes were independent of tobacco use, 

chronic comorbid conditions, and medications, suggesting an age-dependent decline.  Similarly 

to other studies, they concluded that increasing levels of SHBG occur with increasing age in 

men.9  

 Recent trends in commercial sales and prescriptions of androgen replacement therapy 

(ART) have shown a marked increase in the past decade.  Prevalence of ART use has risen 3-fold 

in the past ten years with almost 4% of men over the age of sixty having used some form of 

ART.49  Primary care physicians increasingly are asked to treat aging patients presenting with 

constitutional symptoms including decreased energy, poor concentration, and decreased libido.  

Hypogonadism is increasingly being recognized as a potential source for these symptoms as 

testosterone levels are known to drop in men at a rate of 1-2% per year with over 50% of men 

over the age of eighty having testosterone levels that are considered low.48,50,51  Hypogonadism 

is commonly defined as a “low serum testosterone level coupled with systemic symptoms of 
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hypogonadism.50  As such, hypogonadism can be classified into two types, both of which can be 

treated with exogenous ART:  

•  Primary Hypogonadism – primary testicular failure leading to low 

testosterone levels, impairment of spermatogenesis, and elevated 

gonadotropin levels.  Often caused by radiation therapy, trauma, infection 

(mumps), or torsion.45 

• Secondary Hypogonadism – hypothalamic/pituitary failure leading to 

testicular failure resulting in lower testosterone levels, impaired 

spermatogenesis, and low-normal gonadotropin levels. 

 Current clinical practice guidelines suggest that a diagnosis of hypogonadism as 

manifested by both laboratory evaluations and clinical symptoms warrants treatment.52  

Classically, signs and symptoms include anemia, depressed mood, diminished bone density, 

decreased energy, diminished muscle mass, impaired cognition, increased fatigue, and sexual 

symptoms.50  Clinical practice guidelines in endocrinology recommend treating patients with 

these symptoms and a low serum total testosterone level which, according to most laboratory 

assays is 280-300 ng/dl (9.8-10.4 nmol/L).   

   

Androgens in Women 

Unlike men, testosterone is not the primary sex hormone in the circulation of 

premenopausal women.  Testosterone in women is predominantly produced by peripheral 

conversion of androstenedione to testosterone.  Mean testosterone levels in premenopausal 

women have been suggested to be around 35ng/dl.  Similar to their male counterparts, the 

majority of circulating testosterone under normal circumstances remains bound to SHBG (70%) 
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in women.  Roughly 25% of circulating testosterone in women is bound to albumin.  Thus, the 

amount of bioavailable testosterone in premenopausal women is 25-30% of total testosterone 

compared to 50-70% in men.53  However, in contrast to estrogen levels, the levels of androgens 

in women do not appear to have as dramatic a decline with menopause.  Longitudinal studies 

have suggested a 15% decline in testosterone concentrations in women due to menopause 

while others have suggested minimal change in androgen levels in post-menopausal women.  

Regardless of the degree of change, the ratio of androgen to estrogen in women rises with the 

onset of menopause.  This re-balancing of the steroid milieu in the post-menopausal state likely 

contributes to cardiovascular risk.  In fact many studies suggest that the gender-specific effects 

of estrogens and androgens on cardiovascular risk factors are likely opposite based upon gender 

(see below). 

Estrogen in Women 

 Primary steroidogenesis in females is regulated via the hypothalamic and pituitary axis.  

GnRH release from the hypothalamus stimulates FSH and LH release from the pituitary axis to 

stimulate estrogen and progesterone synthesis in ovarian tissue.  Greater than 95% of estradiol 

in the premenopausal female is produced by the ovaries.  Stimulation of the ovarian tissue by LH 

will initiate a cascade of progesterone and estradiol by the ovaries.  Ovarian estrogen 

production is driven by pulsatile production of GnRH and is regulated by a negative feedback 

cycle.  The secretion of estrogen by the ovaries helps in the development of female secondary 

sex characteristics during development as well as proliferation and maintenance of the uterus, 

fallopian tubes and cervix during reproduction until the time of menopause.  Over the course of 

the menstrual cycle, estrogen and progesterone are responsible for ovulation as well as 

preparing the endometrium for implantation and pregnancy.   Secondary steroidogenesis occurs 
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in several other organs in females including adipose tissue and skin which help convert 

dehydroepiandrosterone to estrogen and testosterone.  

Menopause marks the cessation of menstrual cycles in women.  The median age of 

menopause in the United States is fifty-one years.    In the pre-menopausal period, estrogen 

secretion gradually declines and eventually ceases.  At this point, essentially all estradiol in 

circulation results from peripheral conversion of other steroid hormones.    After menopause 

estradiol levels decline initially for the first 1-3 years and subsequently level off at a 7-10 fold 

decreased level compared to premenopausal levels.53     

  

Sex Hormone Binding Globulin 

SHBG, a glycoprotein synthesized in the liver, is the major transport protein for estrogen 

and testosterone in the blood.  Historically, the role of SHBG was thought to be solely as a 

binding ligand and transport molecule.  However,  Recently there has been increased interest in 

SHBG as a biologically active protein, whose levels may directly or indirectly contribute to risk 

factors for cardiovascular disease, including diabetes mellitus.54  Decreases in levels of SHBG 

have been shown to be associated with increasing incidence of diabetes mellitus, obesity, and 

polycystic ovarian syndrome.  Similarly, Ding et al have shown that increasing levels of SHBG are 

associated with a decreased risk of developing diabetes in men and women.55  This has raised 

interesting questions as to the role that SHBG plays by itself and the role of SHBG-bound 

hormone ligands may have on disease development in both genders.  As such, levels of SHBG 

may serve as an important predictor of the development of CV disease risk factors. 
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Changes in sex hormones with age 

 The role of sex hormones are well established throughout human development as they 

play an essential role in delineating gender-specific differences from fetal development through 

menopause/andropause.  Likewise, sex hormone levels fluctuate in accordance with age, 

gender, environmental exposure, and comorbid conditions.  In women menopause typically 

occurs around the age of fifty, suggesting that most women spend over one third of their 

lifetime in the post-menopausal state.  While being associated with depressed mood, skin 

changes, and vasomotor reactions, the subclinical changes associated with menopause include a 

higher incidence of cardiovascular disease.  Likewise, androgen levels in men have been shown 

to decrease with age beginning in the mid-thirties.  While the onset of cardiovascular disease is 

likely multifactorial, the decline in serum sex hormone levels may have some role in the 

progression of atherosclerotic disease.    

Sex Hormones and Chronic Disease States 

Diabetes Mellitus 

 The association between lower serum levels of testosterone and diabetes mellitus have 

been well-established in numerous studies dating back to the 1970s.56  A more recent meta-

analysis of previous studies by Corona et al. confirmed the association between diabetes 

mellitus and lower serum testosterone levels in men while accounting for reductions in SHBG.57  

More recent prospective studies in Sweden and Finland have shown that men in the lowest 

quartiles of testosterone and free testosterone were more likely to develop diabetes mellitus 

while those in the highest quartile of testosterone were less likely to develop the disease.58,59   

While there are numerous studies examining the association between endogenous 

testosterone and diabetes mellitus, other studies have examined the effects of exogenous 
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administration of testosterone on the metabolic profile in men.  Keating et al. evaluated GnRH 

antagonism in the setting of prostate cancer and incident diabetes.  Interestingly, these authors 

found a statistically significant increased incidence of diabetes mellitus in those patients 

receiving GnRH antagonism.60  In those patients that underwent androgen deprivation therapy 

there was also a significant increase in the rates of other cardiovascular diseases including 

stroke, myocardial infarction, and cardiovascular disease. 

Other studies have evaluated the effects of exogenous testosterone on insulin 

resistance.  In a randomized-controlled double blind placebo-controlled study from England, 

Kapoor et al. found that intramuscular injections of testosterone over a three month period 

resulted in decreased hemoglobin A1C, decreased levels of fasting glucose, and increased insulin 

sensitivity in those patients treated with testosterone therapy.61  However, as pointed out by 

these authors, the mechanism by which testosterone improves the overall glycemic control 

pathway remains uncertain and may be related to improvement in other parameters such as 

waist-to-hip ratio.  Authors have hypothesized that the reduction in waist circumference with 

testosterone therapy may decrease fatty acid exposure in the liver and prevent subsequent 

hepatic insulin resistance.  There are several other studies showing that the use of oral, 

intramuscular, and transdermal testosterone therapy have all been shown to help increase 

insulin sensitivity.62 

In women, many studies have suggested a protective effect of endogenous estrogen and 

hormone replacement therapy with regards to insulin sensitivity and glycemic indices.  A recent 

meta-analysis by Salpeter et al, evaluated over 100 randomized trials of hormone replacement 

therapy in women.  They found that hormone replacement therapy was associated with a 

reduction in fasting glucose and an overall reduction in the incidence of diabetes mellitus.63  
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Similar protective results with hormone replacement have also been found in the Women’s 

Health Initiative as well as the Heart and Estrogen/Progestin Replacement Study.64 

 

Obesity 

 In the early 1990s, increasing evidence began to accumulate showing an inverse 

relationship between serum testosterone levels and obesity in men.  Abdominal adiposity has 

been shown in previous studies to be associated with increased prevalence of certain 

cardiovascular risk factors.  However, due to the cross-sectional nature of previous studies, the 

association has traditionally been difficult to discern whether sex hormone levels are a cause or 

a result of central adiposity.  In the Swedish MrOS study, increasing levels of testosterone were 

found to be associated with decreasing BMI.65  In the Multi-Ethnic Study of Atherosclerosis, 

Vaidya et al. evaluated the association between baseline sex hormone levels in men and women 

and longitudinal changes in waist-to hip ratio (a validated measurement of central adiposity) 

over an extended period of time.  In this study, they found a strong association with baseline 

androgens in women and waist-to-hip ratio while there was an inverse relationship between 

testosterone level and waist-to-hip ratio in men in cross-sectional analysis.  Higher estrogen 

levels were associated with greater waist-to-hip ratios in both men and women.  In longitudinal 

analysis, higher baseline testosterone levels in men were associated with lower waist-to-hip 

ratios during follow up visits.  In both men and women, the association between higher estrogen 

levels and higher waist-to-hip ratios were maintained on longitudinal analysis.66  Similarly, Derby 

et al. found that obesity (as defined by waist-to-hip ratio) was associated with decreased levels 

of total and free testosterone at baseline in men in the Massachusetts Male Ageing Study.67  
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Similarly, they found that levels of testosterone were lowest among men who became obese 

during the follow up period of the study.  

 

Sex Hormones as Vascular Hormones 

Inflammatory Mediators 

 It has long been established that atherosclerosis is the result of several factors and 

chronic disease states.  One such mediator of the atherosclerotic process involves pro-

inflammatory cytokines including interleukin-6 (IL-6), interleukin 1 (IL-1), tissue necrosis factor 

alpha (TNF-α), and C reactive protein (CRP).  The local inflammatory response mediated by these 

cytokines as well as LDL-cholesterol propagates the formation of arterial plaques as well as 

contributes to plaque instability.  Multiple in vitro studies have been performed in human cell 

lines suggesting that androgen supplementation results in a suppression of the expression of 

TNF-α, IL-6, and IL-1 while stimulating the expression of the anti-inflammatory cytokine 

interleukin-10 (IL-10).62  In an in vivo study of 41 men undergoing successful coronary stent 

placement Guler et al found a significant reduction in circulating IL-6 levels as well as CRP in 

those patients treated with three weeks of intramuscular testosterone when compared to those 

receiving standard therapy.68  However, while several studies have noted a significant effect of 

testosterone on circulating inflammatory mediators, there have also been several studies that 

have shown no association with any change in CRP, IL-6, TNF-α, or IL-1.  At this point, there is 

likely some effect, however, the clinical significance remains an area of active investigation. 

 Estrogen has been shown to have several effects on vasculature in men and women at 

the endothelial and smooth muscle levels.  Large amounts of estrogen receptors have been 

identified in both of these cell types in both genders.11  While the exact relationship between 
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receptor levels and vascular disease are still being delineated, their levels do appear to fluctuate 

in the presence and absence of atherosclerotic disease.  Estrogen has been shown to accelerate 

the vasodilatory effects of nitric oxide, thus enhancing vasodilation as well as decreasing platelet 

aggregation.  Similarly, estrogen has been shown to accelerate endothelial growth after injury 

while decreasing the proliferation of smooth muscle.11 

  

Sex hormones and CV disease 

 It has been long established that the relationship between gender and incident and 

prevalent cardiovascular disease changes with age.  Men have been shown to have higher rates 

of cardiovascular disease and cardiovascular mortality at a younger age when compared to their 

female counterparts.69  However, with age, the rates of cardiovascular disease and mortality 

increase in women and cardiovascular disease accounts for the nearly half of all deaths in 

American women.70 This persists with regards to PAD such that PAD prevalence in women with 

advanced age (>70 years) equals that of men and the overall population burden of disease is 

higher in women than in men.27  The mechanism behind these gender-specific differences in 

cardiovascular disease is largely speculative with many postulated theories.  Differences in the 

sex hormone profile are one such postulated explanation.11,71 

Testosterone and Cardiovascular Disease in Men 

 Numerous studies evaluating the role of endogenous androgen levels as well as 

exogenous testosterone supplementation and cardiovascular disease have been performed 

since the 1980s with mixed results.  Male sex and increasing age have long been considered risk 

factors for coronary artery disease and progression of atherosclerosis.  However, it is also well-

established that testosterone levels undergo a gradual decline with age.  There appears to be 
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growing evidence that there may be an association between testosterone levels and 

cardiovascular disease as a whole as well as coronary artery disease.  It must be reinforced that 

low testosterone levels in men have been shown to be associated with several disease processes 

that place patients at risk for atherosclerotic disease, including diabetes mellitus, 

hyperlipidemia, obesity, renal failure, and states of high inflammation.  Thus, studies evaluating 

an association between testosterone levels and vascular disease should account for these 

conditions in their analysis as it is hard to know whether the chronic diseases led to 

hypogonadism or vice-versa. 

  Chute et. al reported in 1987 that patients with coronary heart disease, as diagnosed 

on coronary angiography, have lower levels of endogenous testosterone than their matched 

controls.72  These findings were also found in similar studies in 2000, 2003 and 2012.73,74   

Similarly, testosterone levels have been reported in several studies to have an inverse 

relationship with coronary artery disease severity in men, however, the exact mechanism of this 

association is still uncertain.75-77   

 While the association of testosterone levels and coronary artery disease has been 

suggested in several studies, its levels have also been found to be associated with other forms of 

cardiovascular disease and cardiovascular mortality as well.  In the MrOS prospective study of 

community dwelling men in Sweden analysis, Ohlsson et al demonstrated an increasing risk of 

cardiovascular mortality in patients in the lowest quartiles of total testosterone when compared 

to men in the highest quartile over a five year follow up period.65  These results remained 

significant after accounting for traditional cardiovascular risk factors.  Similar results were found 

by Laughlin et al in a prospective study of 794 men in the Rancho Bernardo Study.78  In this 

population-based study, baseline total and free testosterone levels were drawn and men were 
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followed for a mean of 11.8 years.  In models adjusting for age as well as multiple comorbid 

conditions, those subjects in the lowest quartile of total and bioavailable testosterone had a 

40% higher risk of all-cause death and a higher risk of cardiovascular death when compared to 

men with higher endogenous testosterone levels. 

     Testosterone levels have also been found to be associated with other forms of cardiovascular 

disease in many other areas of the body as well.  An inverse relationship was found in the 

Rotterdam study between testosterone levels and radiographic evidence of aortic 

atherosclerotic disease.79  A large meta-analysis by Corona and colleagues showed that low 

testosterone levels in men correlate significantly with cardiovascular risk factor presence and 

cardiovascular events.57  Florvaag et al. showed that testosterone deficiency is prevalent in 39% 

of patients with congestive heart failure (CHF) and chronic CHF has been associated with lower 

free testosterone levels as well.80  Likewise, Yeap et al suggested that low total testosterone and 

free testosterone levels are predictive of increased incidence of stroke or TIA.81  Lower 

testosterone levels have also been associated with increased carotid intima-media thickness, a 

known predictor of global atherosclerotic disease.82-84 The potential beneficial effects of 

exogenous testosterone supplementation on carotid intima-media thickness has also been 

shown by Aversa et al  in a randomized-controlled study that found that treatment with twelve 

months of transdermal testosterone resulted in a decreased carotid intima-media thickness as 

well as reduction in many other parameters associated with cardiovascular disease.85 

 The associations of testosterone levels and abdominal aortic aneurysm (AAA) formation 

have also been studied in a recent analysis of the Health in Men Study in Australia.  In this cross-

sectional study of community-dwelling men in Australia, Yeap et al, after adjusting for common 

comorbid conditions as well as age, found that lower free and serum testosterone levels were 
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associated with increasing likelihood of AAA.  Likewise, in this study, men with hypogonadism 

were two to three times more likely to have an AAA when compared to those with normal total 

testosterone levels.86 

While many studies have suggested beneficial effects of testosterone on cardiovascular 

risk in men, other studies have not been as promising.  More recently, the Testosterone’s Effects 

on Atherosclerosis Progression in Aging Men (TEAAM) placebo-controlled, double-blind 

randomized controlled trial evaluated carotid intima-media thickness in hypogonadal men with 

and without transdermal testosterone therapy.  At three years, this study found no difference in 

carotid intimal thickness progression between the control group and the intervention group 

despite a rise in testosterone levels in the treatment group.87  Similarly, a retrospective cohort 

study of male VA patients with hypogonadism treated with testosterone therapy found an 

increase in adverse outcomes in those patients treated with testosterone replacement therapy 

regardless of the presence of pre-existing coronary artery disease.88  While this study was 

limited by its retrospective nature, the Testosterone in Older Men with Mobility Limitations 

(TOM) trial was stopped early due to an increased incidence of cardiovascular events in the arm 

randomized to testosterone replacement.89  

Testosterone and PAD in Men 

 Several studies have been performed within the past decade attempting to find 

associations between serum sex hormone levels and incident and prevalent PAD.  In the 

Swedish arm of the multicenter Osteoporotic Fractures in Men (MrOS) study, Tivesten et al. 

performed a cross-sectional analysis of elderly men.  In this study, serum testosterone levels 

were positively associated with ABI while serum estradiol levels were negatively associated with 

ABI.  In multivariable models, the lowest quartile of free testosterone was associated with PAD 
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(ABI < 0.9) when adjusting for smoking status, diabetes, BMI, and hypertension.  This study also 

found that those elderly men who were in the lowest quartile for free testosterone and in the 

highest quartile for estradiol levels had a strong association with PAD (OR 3.72) when compared 

to all other study participants.90  This is one of the first population-based studies to show a 

positive association between testosterone and ABI.  Similar cross sectional studies by Yeap et al 

have found an association between lower testosterone levels and symptomatic PAD in 

community-dwelling men in Western Australia.91 

Estrogen and Cardiovascular Disease in Women 

 The role of estrogen in cardiovascular health and disease in women has been an area of 

clinical interest for several decades and numerous large studies have been performed to 

evaluate an association.  It has been well-established that after menopause the incidence of 

cardiovascular disease in women begins to equal that in men suggesting that there is likely an 

association with menopause and accelerated progression of cardiovascular disease in women.  

In the early 1990s several studies began to suggest a potential protective effect of post-

menopausal estrogen supplementation and cardiovascular disease.  Stampfer et al. reported on 

ten year follow up data from the Nurses’ Health Study, a prospective observational study of 

female nurses, and found that exogenous estrogen supplementation in postmenopausal women 

was associated with a relative risk reduction in the incidence of coronary heart disease and 

mortality.92 Similar conclusions were found in other cohort studies from the 1980s.93 

While many early observational studies suggested a link between estrogen and 

atherosclerosis, the Estrogen in the Prevention of Atherosclerosis (EPAT) study was one of the 

early randomized-controlled studies evaluating the effects of unopposed estrogen 

supplementation and the progression of subclinical atherosclerosis (as indicated by changes in 
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carotid intimal-medial thickness (IMT)) in otherwise healthy post-menopausal women.94  In this 

trial, 222 women were randomized to estradiol replacement vs. placebo and IMT was measured 

at two year follow up.  Results at two years showed a slower progression of IMT in patients who 

were randomized to estrogen replacement therapy when compared to those who randomized 

to placebo (p=0.046).  It was hypothesized that this may be secondary to the increases in HDL 

levels and decreases in LDL levels in the estrogen-replacement group when compared to the 

placebo group (p<0.05).  In this study there were no major differences in the incidence of 

cardiovascular morbidity or mortality between the groups, however, there was a higher 

incidence of endometrial thickening in the unopposed estrogen group, but no increased 

incidence of endometrial cancer.  In any case, the authors suggested that estrogen replacement 

therapy should only be used in those patients without an in-tact uterus due to the known risks 

of endometrial cancer with unopposed estrogen therapy.   

The EPAT study, along with several others, prompted many clinicians to recommend 

hormone replacement therapy due to the perceived cardiovascular benefits as well as for 

clinical symptomatic relief during menopause.  However, not all studies found similar beneficial 

results.  In the Framingham heart study, estrogen replacement in postmenopausal women was 

associated with a statistically significant risk of cardiovascular morbidity as well as stroke.95  

Likewise, there was no association between hormone replacement use and decreased carotid 

IMT in the cross sectional Atherosclerosis Risk in Communities trial (ARIC).96  Numerous other 

studies have also called into question the beneficial effects of estrogen replacement therapy, 

particularly when related to the risks associated with hormone replacement therapy. 

In 2002, the Women’s Health Initiative (WHI) study group was forced to prematurely 

stop their randomized-controlled trial evaluating the effects of hormone replacement therapy 
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(estrogen plus progestin) in healthy post-menopausal women due concerns from the data safety 

monitoring board regarding incident invasive breast cancer in the estrogen-replacement group.  

This study was one of the largest trials evaluating the effects of hormone replacement therapy 

on previously healthy post-menopausal women.  In this study, patients with an in-tact uterus 

were randomized to estrogen-progestin replacement or placebo.  Primary outcome measures 

included cardiovascular disease, cancer, and fractures.  While the trial was prematurely stopped 

due to a suggestion of harm due to increased breast cancer risk in the hormone replacement 

group, the effects on cardiovascular disease could not be ignored.  In this study, the estrogen-

progestin group was found to have a statistically significantly increased risk of coronary artery 

disease (HR=1.29; 95% CI 1.02-1.63), stroke (HR = 1.41; 95% CI 1.07-1.85), and pulmonary 

embolism (2.13; 95% CI 1.39-3.25).97  These results immediately called into question the safety 

and efficacy of hormone replacement therapy in healthy post-menopausal women. 

Near the same time as the WHI study was being performed on otherwise healthy post-

menopausal women, the Heart and Estrogen/Progestin Replacement Study (HERS) randomized-

controlled trial was concluding.  Unlike the WHI, the HERS study evaluated estrogen/progestin 

replacement therapy in post-menopausal women with pre-existing coronary artery disease with 

coronary heart disease being the primary endpoint.  In this study, there was no overall 

significant difference in the primary outcome between those patients in the treatment and 

placebo group, despite an improved lipid profile in the treatment group.98  Interestingly, there 

did appear to be a time-dependent effect of hormone replacement and coronary heart disease.  

There appeared to be a statistically significant increase in coronary heart events in the first year 

in those patients on hormone replacement, however, there was a trend towards a protective 

effect of hormone replacement in the later years (3-5) of the trial.  This raises the question as to 

whether the effects of hormone replacement therapy are dependent upon the time (in relation 
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to menopause) at which they are given.  Of note, those in the treatment group did have a three 

times higher risk of venous thromboembolic events when compared to the placebo group. 

The more recent Estrogen Replacement and Atherosclerosis Trial (ERAT) also found no 

beneficial effect of hormone replacement therapy with estrogen alone or estrogen/progestin 

when compared to placebo on changes in coronary artery mean diameter.  These results were 

also found despite an apparent beneficial effect on the lipid profiles of patients in the treatment 

groups.  Thus, this study suggested that neither estrogen alone nor estrogen/progestin were 

effective at reducing coronary artery disease burden.99 

The WHI and the HERS trials brought about a change in the pervasive view regarding 

hormone replacement therapy as a means of cardiovascular disease prevention.  In 2004 (and 

again in 2007), the American Heart Association released guidelines that recommended against 

hormone replacement in women for secondary prevention of cardiovascular disease due to 

unknown other risks.100  However, hormone replacement therapy for secondary cardiovascular 

disease prevention remains a topic of significant research interest in the American Heart 

Association. 

   It must be noted that the suggestion that there is no benefit (and potentially harm) in 

hormone replacement therapy may be too simplistic.  As shown in the HERS trial, there 

appeared to be a potential time-dependent effect (with relation to menopause) of hormone 

replacement therapy.  In essence, is there a potential beneficial effect of hormone replacement 

therapy on cardiovascular disease in patients who have recently undergone menopause versus 

those who are >10 years beyond the initiation of menopause?  This phenomenon, known as the 

hormone-timing hypothesis has recently been evaluated in a randomized-controlled trial.  In a 

2016 New England Journal of Medicine randomized-controlled trial, Hodis et al evaluated 
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estrogen/progestin replacement therapy on post-menopausal women stratified by time since 

menopause.  In this study, IMT at five years was the primary outcome measure.  Results of this 

trial showed that in the early post-menopausal group (<6 years since menopause), the rates of 

IMT progression were significantly lower in the treatment group than the placebo group 

(p=0.008).  In contrast, in the late post-menopausal (>10 years since menopause) group there 

was no difference in IMT growth.101  There was no difference in adverse events between groups.  

The results of this study (and several other studies) suggest that the effects of estrogen 

supplementation on cardiovascular disease in post-menopausal women may be dependent 

upon the timing of therapy initiation with relation to menopause onset.  These questions are 

still ongoing in clinical studies at this time. 

   The role of estrogen replacement therapy has also been evaluated in PAD as well.  In 

2001 Timaran et al. found that hormone replacement therapy was associated with decreased 

primary patency in multivariate analysis in patients who underwent iliac stents (RR = 2.4).102  In 

both the estrogen-only and the estrogen-progestin groups of the WHI (evaluating otherwise 

healthy women) there was no difference in the incidence of PAD, suggesting that hormone 

replacement therapy in women does not provide a protective effect for PAD development.103,104 

This was true regardless of the time since menopause.  The HERS trial also evaluated incident 

PAD and peripheral arterial events in women with known coronary artery disease.   In this 

randomized-controlled trial, estrogen-progestin administration had no significant protective 

effect on incidence of PAD or peripheral arterial events.105   

 The question regarding benefits/harm with hormone replacement therapy in women 

and the relationship between cardiovascular disease and specifically PAD remain unanswered.  

A more recent large cohort study based upon the Life Line Screening database found that 
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hormone replacement therapy (or a history of hormone replacement therapy) was associated 

with a statistically significantly decreased incidence of PAD, albeit the difference in incidence 

was less than 1%(3.3% vs. 4.1%).106  Similarly, results from the population-based Rotterdam 

study showed that use of hormone replacement therapy for longer than one year was 

associated with a 52% decreased risk of PAD in naturally post-menopausal women when 

compared to those that never used hormone replacement.107 
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Aims and Hypotheses 

Primary Aim:  To determine whether, in the Multi-Ethnic Study of Atherosclerosis (MESA) 

participants, there is an association between baseline sex hormone levels and prevalent PAD. 

Secondary Aim #1:  To determine whether, in MESA participants, there is an association 

between baseline sex hormone levels and incident PAD or change in ABI when 

controlling for other cardiovascular risk factors. 

Primary Outcome: Prevalence of PAD at exam 1 as measured by continuous ABI at exam 1.     

Secondary Outcome:  Change in ABI over time as measured over two time points as measured 

by change in ABI from exam 1 to exam 5.  Incident PAD as measured by a change in ABI to <0.9 

between exam 1 and exam 5.     

 

Primary Hypothesis:  Prevalence of PAD is associated with baseline sex hormone levels. 

 Secondary Hypothesis #1:    Incident PAD and change in ABI between exam 1 and exam 

5 are associated with baseline sex hormone levels when accounting for other 

cardiovascular risk factors. 

Methods 

The proposed study is a cohort study using prospective data collected by the Multi-

Ethnic Study of Atherosclerosis (MESA) data set.  MESA is a prospective, multi-institutional 

cohort study initiated by the National Heart, Lung, and Blood institute to investigate subclinical 

cardiovascular disease in a multi-ethnic population of 6,814 men and women aged 45-84 

without a history of clinical cardiovascular disease.  The population-based sampling began 
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between 2000 and 2002 from six field centers in the United States: Baltimore, Maryland; 

Chicago, Illinois; Forsyth County, North Carolina; Los Angeles County, California; New York City, 

New York; and St. Paul, Minnesota.108  Along with baseline demographics and risk factors for 

cardiovascular disease, exam findings including ABI, claudication symptoms, carotid intimal 

thickness, and laboratory information, have been collected at several sequential study 

examinations (see below).  Many ancillary studies have been pursued to address additional 

scientific questions in the study cohort. 

 Exam 1 

Jul00-

Aug02 

 

Exam 2 

Sep02-

Feb04 

 

Exam 3 

Mar04-

Sep05 

 

Exam 4 

Sep05-

May07 

 

Exam 5 

Apr10-

Dec11 

Personal History X X X X X 

Medical History X X X X X 

Physical Activity X X X  X 

Anthropometry X X X X X 

Phlebotomy collection X X X X X 

Blood Pressure X X X X X 

ABI X  X  X 

Sex Hormone Levels X     

Figure 8. Study protocol for MESA study.  

Several ancillary studies from MESA have evaluated the association of sex hormones on 

several outcomes including waist-hip ratio, aortic calcification, and liver adiposity. During exam 

1 of MESA 3,161 men and 3,009 post-menopausal women underwent laboratory testing for sex 

hormone levels including total testosterone, estrogen, DHEA, and SHBG.  Percent of bioavailable 

testosterone was calculated according to previously described methods.109 Likewise, according 

to the MESA protocol, these patients also underwent measurements of ABI as well as evaluation 

for symptoms of claudication at sequential examinations.   
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Inclusion Criteria:  All men and women in MESA that have undergone ABI examinations at 

baseline (exam 1) and exam 5 with sex-hormone data available at exam 1 (n=3,161 men and 

3,009 post-menopausal women. 

Exclusion criteria:  Generalized exclusion criteria for the MESA study included, pregnancy, 

active cancer, weight greater than 300 pounds, age younger than 45 years or greater than 84 

years as well as a history of heart attack, angina, stroke, heart failure, atrial fibrillation, and 

previous cardiovascular interventions.  In our study, all women and men in the MESA population 

who were currently taking hormone replacement therapy at exam 1 will be excluded from the 

analysis.  Likewise, in the evaluation of incident PAD over time, those patients with prevalent 

PAD at exam 1 will be excluded from the analysis.   

Exposure.  For the purpose of these analyses, sex hormone data collected at exam1 will be used 

as the exposure variables.  The methodology for the collection has been described previously.66  

These variables will include serum total testosterone (mmol/L), bioavailable testosterone 

(nmol/L), estradiol (nmol/L), free testosterone (%), and sex hormone binding globulin (nmol/L) 

levels at exam 1. 

Covariates :  Standard demographics (age, gender, race/ethnicity) will be included in 

multivariate analysis.  Likewise, traditional cardiovascular risk factors (diabetes, hypertension, 

hyperlipidemia) will be included.  Other covariates including, current or history of cigarette use, 

BMI, renal disease, inflammatory mediators (CRP and interleukin levels), will all be included in 

multivariate analysis because they have been shown to be associated with cardiovascular 

disease.   

Analysis Plan:  For this proposal, Exam 1 will serve as the baseline examination.  Relevant 

patient demographics and comorbidities as well as ABI, laboratory values, relevant social 
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history, and sex hormone levels will be included.  Sex hormones will be treated as continuous 

variables.  Prevalent PAD will be defined as an ABI <0.9 at exam 1 and will be treated as a 

categorical variable.   Differences in baseline demographics and comorbidities between those 

patients with and without prevalent PAD will be assessed using t-tests (continuous variables) 

and chi-square analysis.  The baseline association of sex hormone levels with ABI values will be 

estimated separately in men and women using regression models.  Race/ethnicity, and potential 

covariate comorbidities will be included in initial regression models for each individual sex 

hormone.   

Incident PAD will be evaluated as the change in ABIs from Exam 1 to exam 5 and 

reported as a categorical variable for those in which the ABI is <0.9 at exam 5 but was >0.9 at 

exam 1.  Patients that had prevalent PAD at exam 1 were excluded from this analysis. Change in 

ABI from exam 1 to exam 5 will be a separate continuous variable.  Change in ABI will be 

calculated as ABIexam1 – ABIexam5.  Change in ABI from exam 1 to exam 5 will be evaluated as a 

continuous dependent variable using baseline sex hormone levels as the exposure.   
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CHAPTER TWO:  THE PAPER 

Abstract 

Introduction 

 Peripheral arterial disease (PAD) is a progressive disease with increasing prevalence with 

age.  While PAD affects 3-10% of the population, its prevalence in patients over the age of 

seventy approaches 15-25%.  While many hypotheses exist regarding the increased prevalence 

in the aged population, the role of endogenous sex hormones in the incidence and progression 

of PAD have yet to be defined.  Hormones such as testosterone (T), bioavailable testosterone 

(BiT), free testosterone (FT), estradiol (E2), and sex-hormone binding globulin (SHBG) have been 

linked to vascular disease.  It is well established that both endogenous E2 and T are active in the 

vascular system and have been linked to several vascular diseases including carotid disease, 

coronary artery disease, and aortic pathology.  In this study we evaluate the association of 

baseline endogenous sex hormone levels with prevalent and incident PAD as well as Ankle-

brachial index (ABI) in a large multi-ethnic population-based cohort. 

Methods 

The Multi-Ethnic Study of Atherosclerosis (MESA) is a prospective, multi-institutional 

cohort study initiated to investigate subclinical cardiovascular disease in a multi-ethnic 

population.  Using this large data set, cross-sectional was analyses were performed evaluating 

for relationships between baseline sex hormone levels including T, BiT, FT, E2, and SHBG and 

prevalent PAD (ABI <0.9) as well as incident PAD in 5,781 men and women aged 45-84..  We also 

assessed the association of baseline sex-hormone levels with ABI and change in ABI over time.   

Results 

 Prevalent PAD was observed in 3.8% of the participants.  Incident PAD occurred in 2.5% 

of participants over the course of the study (10 years).  Mean ABI for the cohort was 1.12 at 
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baseline.  Several known risk factors for PAD including increasing age, black race, and ongoing 

tobacco use were associated with prevalent and incident PAD as well as ABI and change in ABI in 

this study.  In univariate analysis, lower FT was associated with prevalent PAD in women while 

lower BiT and FT and higher SHBG were associated with prevalent PAD in men.  In multivariable 

models adjusted for common cardiovascular risk factors, there was no association found 

between sex hormone levels and prevalent PAD, incident PAD, ABI, or change in ABI in men or 

women. 

Conclusions 

 In this community-based multi-ethnic population, there was no association found 

between endogenous sex hormone levels and prevalent or incident PAD, or ABI values in men or 

women.  While this study found no significant association between sex hormone levels and PAD, 

their role in vascular health continues to be delineated and future prospective study is 

warranted to evaluate their role in disease progression.  
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The Association of Baseline Endogenous Sex Hormone Levels and Peripheral Artery 

Disease in the Multi-Ethnic Study of Atherosclerosis 

 

Introduction 

Peripheral arterial disease (PAD) is a progressive disease with subclinical and clinical 

prevalence rates that rise with age.  The prevalence of PAD has been estimated to be between 

3-10% in the overall population with rates rising sharply to 15-25% in patients over the age of 

seventy.  Of those with disease, only 25-33% have clinical symptoms making PAD a largely 

subclinical disease.2 However, subclinical PAD remains a major predictor of adverse 

cardiovascular events and mortality.  As with other cardiovascular disease processes, the 

prevalence of PAD is markedly higher in the African American population with prevalence 

estimates as high as 30% in men and women by the age of seventy.110   Due to its association 

with age, increasing interest has focused on the role of endogenous sex hormones and 

cardiovascular disease, with mixed results.  The association between PAD and sex hormone 

levels has not been clearly delineated in men or women.  In this study of the Multi-Ethnic Study 

of Atherosclerosis cohort we aim to evaluate the relationship between baseline sex hormone 

levels and prevalent PAD, incident PAD, and changes in ankle-brachial index (ABI) over a 10 year 

time period. 
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Methods 

Study Population 

MESA is a prospective, multi-institutional cohort study initiated by the National Heart, 

Lung, and Blood institute to investigate subclinical cardiovascular disease in a multi-ethnic 

population of 6,814 men and women aged 45-84 without a history of clinical cardiovascular 

disease.  The population-based study began between 2000 and 2002 from six field centers in the 

United States: Baltimore, Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los 

Angeles County, California; New York City, New York; and St. Paul, Minnesota.108  Along with 

baseline demographics and risk factors for cardiovascular disease, exam findings including ABI, 

claudication symptoms, carotid intimal thickness, and laboratory information, have been 

collected at several sequential study examinations.   

Endogenous Sex Hormones 

 Fasting levels of sex hormone values were obtained between 7:30am and 10:30am on 

participating subjects as described in previous publications.111  Specimens were stored at -70°C 

and measurements were performed at the Steroid Hormone Laboratory at The University of 

Massachusetts Medical Center in Worcester, MA.  Radioimmunoassay kits were used to 

measure total testosterone and estrogen levels while SHBG levels were measured using 

chemiluminescent enzyme immunometric assay kits from Diagnostic System Laboratories 

(Webster, TX).  Bioavailable testosterone levels were calculated as previously described.109   

Peripheral vascular disease assessment 

 Evaluation for the presence of peripheral vascular disease was performed at exam 1 at 

the initation of the study and at exam 5 (roughly 10 years after study initiation).  In the MESA 

protocol the ABI was calculated by using the systolic blood pressure in the right and left brachial 
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arteries divided by the dorsalis pedis and posterior tibial arteries at rest.  The average of the 

measures was used to calculate an overall ankle brachial index in participants. 

 In this study, an ABI of less than 0.9 was used to define PAD.  Prevalent PAD in this study 

was defined as the presence of PAD at MESA exam 1.  Incident PAD was defined as the 

development of PAD between MESA exams 1 and 5.  Those with prevalent PAD at exam 1 or 

those with missing ABI values at exam 5 were excluded from the incident PAD analysis.  While 

ABI of less than 0.9 was used to define PAD, regression analysis evaluating the relationship 

between overall ABI and baseline sex hormone levels was also performed at MESA exam 1.  We 

also assessed the association between baseline sex hormone levels and change in ABI between 

MESA exam 1 and MESA exam 5.  The change in ABI was defined as the difference between 

ABIexam1 and ABIexam5. 

Statistical Analyses 

 All statistical analyses were performed using SAS software (SAS Institute, Cary, NC) 

version 9.4. The distributions of the variables were examined.  Continuous variables are 

presented as mean values (+/- standard deviation) and categorical variables are presented as 

frequencies and percentages.  Participant characteristics were initially evaluated for the overall 

cohort as well as stratified by gender.  Univariate associations between independent variables 

and PAD prevalence and incident PAD were initially calculated using chi-square analysis 

(categorical variables) and t-tests (continuous variables).  Due to intrinsic differences in sex 

hormone concentrations between genders associations between baseline characteristics and 

prevalent PAD were then evaluated after being stratified by gender.  Multivariate models were 

then evaluated using both a binary outcome (PAD prevalence and incident PAD at exam 5) as 

well a continuous outcome (ABI at exam 1 and change in ABI from exam 1 to exam 5).   Logistic 
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regression models were formed for the overall cohort for the binary outcomes (prevalent PAD 

and incident PAD) and adjusted for demographic factors (age, race, gender), cardiovascular risk 

factors, smoking status, BMI, laboratory values at their baseline visit (serum creatinine, c-

reactive protein, interleukin levels, serum cholesterol) , and individual sex hormone levels.  

Multivariate linear regression models were used to evaluate associations between sex 

hormones and the continuous outcomes (ABI at exam 1 and change in ABI from exam 1 to exam 

5).  P values of <0.05 were considered significant. 

 

Results 

Demographics 

 There were 5,781 MESA participants who met inclusion criteria and were included in the 

analysis (2,570 females and 3,211 males).  Mean ABI of the cohort was 1.12 (+/- 0.12) with mean 

ABI in women of 1.09 (+/- 0.11) and a mean ABI in men of 1.14 (+/- 0.13).  Mean age of the 

cohort was 62.8 years (women = 62.9; men = 62.7).  Thirty-six percent of participants were 

white, while 28% were black/African American, 23% were Hispanic, and 13% were Chinese.  Due 

to the nature of the study, all participants in the MESA study cohort were free of clinical 

cardiovascular disease at baseline with a healthier risk profile.  Prevalent hypertension was 44% 

and diabetes mellitus was present in only 12% of the cohort.  Fifty percent of the cohort were 

never smokers while 13% were current smokers at exam 1 (table 1). 

Sex Hormones and prevalent PAD 

 PAD was prevalent in 217 (3.8%) of the participants at exam 1.  PAD was prevalent in 

3.9% of men and 3.7% of women at exam 1 (p= 0.73).  Univariate analysis of the cohort showed 

that those who were black/African American, of older age, and current smokers at exam 1 were 
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more likely to have prevalent PAD.  Self-reported presence of diabetes, hypertension, elevated 

fasting plasma glucose, elevated IL-6 levels, elevated C-reactive protein, and higher creatinine 

were all associated with prevalent PAD in the cohort (table 1).  In the overall cohort, lower 

bioavailable testosterone (p=0.0002), lower free testosterone (p<0.0001), and higher SHBG 

(p=0.0002) were all associated with prevalent PAD. 

African-American women had a significantly higher prevalence of PAD when compared 

to other race/ethnic groups (table 2).  Likewise, older age was associated with significantly 

increased risk as those with prevalent PAD were ten years older than those without PAD 

(p<0.0001).  Diabetes, hypertension, elevated fasting plasma glucose, elevated IL-6, elevated 

CRP, and increased creatinine were all associated with prevalent PAD in women as well.  Lower 

free testosterone levels were also associated with prevalent PAD in women at exam 1 

(p=0.0047).  

African-American men had significantly greater prevalent PAD when compared to other 

race/ethnic groups (table 2).  Men with prevalent PAD were eight years older than their non-

PAD counterparts (p<0.00001).  Diabetes, hypertension, elevated fasting blood glucose, elevated 

IL-6, elevated CRP, and increased creatinine were also associated with prevalent PAD in men.  

Lower bioavailable testosterone (p = 0.0002) and lower free testosterone (p< 0.0001 were also 

significantly associated with prevalent PAD while increased SHBG (p = 0.0002) was also 

associated with prevalent PAD in men. 

 In multivariate models adjusted for age and race/ethnicity, there was no association 

between sex hormone levels and prevalent PAD in men or women (table 3).  In models adjusted 

for added cardiovascular risk factors including tobacco use, hypertension, cholesterol, CRP, IL-6, 

and BMI there was no association between baseline endogenous sex hormone levels and 
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prevalent PAD in men or women (table 3).  In both men and women, black race, and increased 

age remained the strongest predictors of prevalent PAD at exam 1.   

Sex Hormones and incident PAD 

 In those patients with recorded ABI values at exam 1 and exam 5 (n= 3,678), incident 

PAD occurred in 140 (2.5%) participants (table 4).  In men, incident PAD occurred in 1.9% of the 

cohort while incident PAD occurred in 3.3% of women (p= 0.0001 (Table 4).  Mean ABI of the 

incident PAD group at exam 5 was 0.78 (+/-0.11) whereas the mean ABI in the non-incident PAD 

group was 1.14(+/-0.14).  Those in the incident PAD group had lower baseline ABI values (ABI at 

exam 1) when compared to their non-incident PAD counterparts (1.06 vs. 1.14; p<0.0001).  

There was a significant difference in age at exam 1 between the incident PAD group and the 

non-incident PAD group with the incident PAD group being 68.2 years of age while the non-

incident group being 60.1 years old (p<0.0001).  There was a significantly higher incidence of 

PAD in black race compared to other races (p<0.0001).  Diabetes, hypertension, higher fasting 

plasma glucose levels, elevated IL-6 levels, lower total testosterone, lower bioavailable 

testosterone, and lower free testosterone levels were all associated with incident PAD in the 

overall cohort (table 4).   

When stratified by gender, incident PAD was significantly associated with increased age 

at exam 1, lower ABI at exam 1, hypertension, elevated fasting plasma glucose levels, lower HDL 

levels, and higher IL-6 levels in women (table 5).  In men, black race, higher age at exam 1, lower 

ABI at exam 1, diabetes, hypertension, and higher IL-6 levels were associated with incident PAD 

at exam 5.  In men, lower free testosterone at baseline was significantly associated with incident 

PAD on univariate analysis.  In men and women there were no other significant associations 

between baseline endogenous sex hormone levels and incident PAD at exam 5 (table 5).   
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 In multivariate models of women and men (table 6) there was no association found 

between baseline sex hormone levels and incident PAD when controlling for age and race.  

Likewise, when controlling for common cardiovascular risk factors there remained no 

association between baseline endogenous sex hormones and incident PAD in women or men.  In 

the overall cohort, men had less incident PAD compared to women (OR = 0.33; 95% CI 0.16-

0.70).  In both women and men, the strongest predictors of incident PAD remained black race, 

presence of diabetes, and higher age while higher HDL levels were associated with decreased 

risk of incident PAD.  

 

Sex Hormones and ABI 

 The association between baseline demographics, comorbid conditions, and sex 

hormone levels was assessed using ABI as a continuous outcome variable.  Mean ABI for the 

overall cohort was 1.11 (+/- 0.12) at baseline.  In gender-stratified models controlling for age 

and race with each sex hormone there was no significant association between baseline sex 

hormone levels and ABI in women.  In women, black participants (β= -0.035; p<0.001) and 

higher age (β= -0.003; p<0.0001) were significantly associated with lower ABI.  In gender-

stratified models controlling for age and race/ethnicity with each sex hormone in men, higher 

estrogen levels were associated with lower ABI when controlling for age and race/ethnicity (β = -

0.10; p = 0.03).  Likewise, black race (β = 0.05; p<0.0001) and increasing age (β = -0.002; 

p<0.0001) were also associated with lower baseline ABI in men.  No other sex hormone levels 

were significantly associated with baseline ABI in men.  

 In multivariate models controlling for common risk factors for vascular disease in 

women, higher creatinine had the strongest negative effect on baseline ABI (β=-0.05; p=0.0002) 
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while Hispanic participants had the strongest positive effects on baseline ABI (β = 0.03; p=0.005) 

when compared to white participants.  In men, black participants (β = -0.06; p<0.0001) and 

baseline creatinine (β=-0.05;p=0.0001) had the strongest negative effect on ABI.  In women and 

men, there was no significant association between baseline endogenous sex hormone levels and 

ABI in multivariable models controlling for common cardiovascular risk factors. 

Sex hormones and change in ABI over time 

 We then evaluated for predictors of change in ABI from exam 1 to exam 5 in all 

participants.  The mean change in ABI of the overall cohort was -0.002 (+/- 0.13). On 

multivariate analysis of the overall cohort age and black race were associated with a negative 

change in ABI from exam 1 to exam 5 for the overall cohort.  In women, baseline estrogen levels 

were negatively associated with a change in ABI from exam 1 to exam 5 (β = -0.10; p = 0.02) 

when accounting for baseline comorbid conditions.  There were no other associations between 

baseline sex hormone levels and change in ABI in men or women on multivariable analysis.   

 

Discussion 

 In this study we report both cross-sectional and longitudinal associations between 

baseline sex hormone levels and prevalent and incident PAD, baseline ABI, and change in ABI in 

a large multi-ethnic population.  There has been increasing research and focus on the role of 

endogenous sex hormones as well as sex hormone replacement therapy and cardiovascular 

outcomes recently with varying outcomes.106,112 

 In the overall cohort we found no significant relationship between baseline endogenous 

sex hormone levels and prevalent PAD when accounting for patient demographics and other 

comorbid conditions.  Our results demonstrated that other commonly-known risk factors for 
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PAD including higher age, black race, tobacco use, diabetes, higher creatinine, and higher IL-6 

levels were all associated with prevalent PAD at baseline.  Similarly, these risk factors were also 

negatively associated with baseline ABI in the men and women.  These findings are consistent 

with the existing literature regarding risk factors for PAD and decreased ABIs.  We found no 

significant relationship between baseline sex hormone levels and baseline ABI in men or women 

on multivariate analysis.   

We also evaluated the relationship between baseline sex hormone levels and incident 

PAD in men and women.  While lower free testosterone levels in men were associated with 

increased risk of incident PAD in univariate analysis, this association was not maintained on 

multivariate analysis.  In men and women there was no significant association between baseline 

sex hormone levels and incident PAD.   

When evaluating for change in ABI over time there was no significant association 

between baseline sex hormones and change in ABI in men over time.  In women, baseline 

estrogen levels were negatively associated with ABI change over time while no other sex 

hormones were associated with ABI change in women. 

While this study did not show any significant associations between baseline endogenous 

sex hormones and prevalent or incident PAD, the relationship between sex hormones, including 

estrogen, testosterone, and sex-hormone binding globulin and vascular disease have been well 

described in several vascular beds including the carotid vessels, coronary vessels, and abdominal 

aorta.62        .  Increases in testosterone levels, along with decreases in SHBG levels, have been 

shown to be strongly associated with increasing prevalence of diabetes, central adiposity, and 

cardiovascular disease in post-menopausal women in several studies.12,113  Likewise, studies 

suggest that lower testosterone levels are associated with increased carotid intimal thickness in 
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men.79,114,115  Hypogonadism in men has been shown to predispose patients to higher rates of 

cardiovascular risk factors including diabetes58, hypertension62, hypercholesterolemia116, and 

obesity.117  Likewise, in andropausal men, testosterone levels have been shown to have an 

inverse relationship with pro-inflammatory mediators such as IL-6 and TNF-α while stimulating 

the production of the anti-inflammatory cytokine IL-10, all of which have been shown to impact 

the development of atherosclerotic disease.118  

In a large cross sectional study of older men and women Maggio et al found that higher 

levels of sex hormone binding globulin were associated with higher ABIs in older men whereas 

higher levels of testosterone were associated with lower ABIs in older women.119 In a study of 

the Framingham descendants it has also been shown that lower Testosterone levels and higher 

estrogen levels are associated with decreased ABIs in middle-aged men whereas there was no 

association found in middle-aged women.120 Likewise, in a large cross sectional study in 

Australia, Yeap et al found that lower levels of testosterone were independently associated with 

intermittent claudication symptoms whereas, similarly to previous studies, higher levels of SHBG 

were associated with fewer symptoms of intermittent claudication.91  In the Swedish arm of the 

multicenter Osteoporotic Fractures in Men (MrOS) study serum testosterone levels were 

positively associated with ABI while serum estradiol levels were negatively associated with ABI.  

This study also found that those elderly men who were in the lowest quartile for free 

testosterone and in the highest quartile for estradiol levels had a strong association with PAD 

(OR 3.72) when compared to all other study participants.90  However, the association of these 

hormones with lower extremity peripheral vascular disease has not been well delineated in men 

or women.  
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  Recent statements by the American Heart Association have recognized the gender-

specific differences in prevalence and incidence of PAD based upon age.  In our study we found 

that incident PAD occurred more commonly in women which is consistent with previously 

reported data showing that the rates of PAD rise dramatically in women after menopause.27  It is 

increasingly evident that changes in the biologic milieu of age contribute to the increased risk of 

cardiovascular disease with age in women, however, the role of sex hormones in this process is 

still debated as mixed results have been published.  In our study we found that higher baseline 

estrogen levels are associated with a decline in ABI over time in women.  While many studies 

including the Estrogen in the Prevention of Atherosclerosis, have shown that estrogen 

supplementation may mitigate cardiovascular disease, others, including the Women’s Health 

initiative, have suggested that estrogen therapy may increase the risk of atherosclerotic 

disease.94,97  However, with regards to PAD, Westendorp and Rockman both found that 

hormone replacement therapy likely reduces the risk of PAD in post-menopausal women 

suggesting that sex hormone levels do play a role in the prevention of PAD in this 

population.106,107   

One plausible explanation for our findings may be due to the longitudinal nature of our 

study.  Since endogenous sex hormone levels were checked only at baseline, the negative 

association between baseline estrogen levels and ABI change may be secondary to onset of 

menopause for some participants between exam1 and exam5 of the MESA study.  Thus, those 

with higher estrogen levels at the beginning of the study would be more likely to have a 

precipitous drop in estrogen levels during the study which may predispose them to 

atherosclerosis.  This would be consistent with the hormone-timing hypothesis suggested by 

Hodis et al.101  According to this theory, those women at highest risk of developing 

cardiovascular disease may be those women at the beginning of menopause in contrast to those 
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who are far removed from menopause.  More research is needed to evaluate the hormone-

timing effects on clinical and subclinical atherosclerotic disease.  Due to their known biologic 

activity at the vascular level, it is likely that sex hormones to play some role in cardiovascular 

disease and PAD, however, the exact role is yet to be definitively determined. 

  

Limitations 

 One of the major limitations to this study is that the sex hormone levels were only 

obtained at baseline in the study.  Due to this, changes in sex hormone levels over time were 

unable to be assessed.  As such, in those patients that developed incident PAD over the study 

period, the change in their sex hormone levels were unable to be evaluated to determine if an 

association between changes in sex hormone levels and incident PAD can be elucidated.  

 The Multi-ethnic study of atherosclerosis is a multi-ethnic cohort involving participants 

with no clinical history of cardiovascular disease at baseline.  As such, the rates of PAD and 

overall cardiovascular disease are likely lower when compared to a population of patients most 

frequently treated for PAD.  Likewise, in this population, we certainly could be subject to a type 

II error due to the low overall disease burden in this cohort.  Thus, the generalizability of this 

cohort to those seen in routine vascular surgery clinical environments is limited. 

Conclusions 

While endogenous sex hormones undoubtedly play a role in the vascular disease 

process of the cardiovascular system, the precise role in PAD remains undefined.  In this 

community-based multi-ethnic population, there was no association found between 

endogenous sex hormone levels and prevalent PAD, incident PAD or baseline ABI values in men 

or women.  Likewise, there was no association between endogenous baseline sex hormone 
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levels and change in ABI over time in men.  In women, higher levels of baseline estrogen levels 

are associated with a decline in ABI over time.    
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Table 1.  Overall cohort baseline Cohort Characteristics and Comparison of baseline PAD and Absence of 

PAD on cross sectional evaluation at exam 1. 

 (Parenthesis represent percentages for dichotomous variables and SD for continuous variables) 

 Overall Cohort Prevalent PAD at Exam1 

(ABI <9) 

No PAD at Exam1 

(ABI >0.9) 

p 

  N=5781 N= 217 N=5492  

Race/Ethnicity  N=5709   <0.0001 

 White  2034 (35.6) 61 (3.0) 1973 (97.0)  

Chinese  725 (12.7) 11 (1.5) 714 (98.5)  

Black/African American  1623 (28.4) 111 (6.8) 1512 (93.2)  

Hispanic  1327 (23.2) 34 (2.6) 1293 (97.4)  

Gender  N = 5709  0.73 

 Female  2514 (44.0) 98 (3.9) 2416 (96.1)  

 Male  3195 (56) 119 (3.7) 3076 (96.3)  

Age (years) Mean Age  62.79 (+/- 10.5) 71.4 (+/-8.9) 62.4 (+/- 10.4) <0.0001 

Age (quartiles)  N= 5709   <0.0001 

 45-54  1678 (29.4) 17 (1.0) 1661 (99.0)  

55-64  1478 (25.9) 25 (1.7) 1453 (98.3)  

65-74  1691 (29.6) 90 (5.3) 1601 (94.7)  

75-84  862 (15.1) 85 (9.9) 777 (90.1)  

BMI  28.4 (+/- 5.4) 28.0 (+/- 5.3) 28.4 (+/- 5.4) 0.29 

Cardiovascular Risk Factors 

Cigarette Smoking Status  N=5693   <0.0001 

 Never Smoker  2873 (50.5) 80 (2.8) 2793 (97.2)  

Former Smoker  2067 (36.3) 84 (4.1) 1983 (95.9)  

Current Smoker  753 (13.2) 52 (6.9) 701 (93.1)  

Diabetes  N= 5707   <0.0001 

 Yes 664 (11.6) 55 (8.3) 609 (91.7)  

 No 5043 (88.4) 162 (3.2) 4881 (96.8)  

Hypertension  N=5709   <0.0001 

 Yes  2511 (44.0) 158 (6.3) 2353 (93.7)  

 No 3198 (56) 59 (1.8) 3139 (98.2)  

Kidney Disease  N=5709   0.67 

 Yes 116 (2.0) 5 (4.3) 111 (95.7)  
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 No 5573 (97.7) 212 (3.8) 5361 (96.2)  

 Unknown 18 (0.3) 0 (0) 18 (100)  

Biochemical Assays 

Fasting plasma glucose (mg/dL)  98.6 (+/-31.5) 105.7 (+/- 32.6) 98.2 (+/- 31.2) 0.0005 

Serum Cholesterol (mg/dL)  193.5 (+/- 36.2) 194.7 (+/- 37.1) 193.5 (+/- 36.2) 0.62 

Serum Low Density Lipoprotein (mg/dL)  118.6 (+/- 31.6) 121.4 (33.7) 118.5 (+/- 31.5) 0.19 

Serum High Density Lipoprotein (mg/dL  49.2 (+/- 13.8) 48.4 (+/- 13.9) 49.2 (+/- 13.8) 0.42 

Interleukin-2 (pg/mL)  984.3 (+/- 460.5) 1059.8 (+/- 522.7) 979.7 (+/- 456.7) 0.13 

Interluekin-6 (pg/ml)  1.6 (+/- 1.2) 2.19 (+/- 1.4) 1.53 (+/- 1.2) <0.0001 

C-Reactive Protein (mg/L)  3.4 (+/- 3.0) 2.2 (+/- 1.4) 1.5 (+/- 1.2) <0.0001 

Serum Creatinine (mg/dL)  0.97 (+/- 0.3) 1.1 (+/- 0.52) 0.97 (+/- 0.23) <0.0001 

Sex Hormone Variables     

Total Testosterone (nmol/L) 9.5 (+/- 8.0) 8.7 (+/- 8.2) 9.6 (+/- 8.0) 0.09 

Bioavailable Testosterone (nmol/L) 3.4 (+/- 3.0) 2.8 (+/- 2.6) 3.5 (+/- 3.0) 0.0002 

Free Testosterone (%)  1.8 (+/- 0.6) 1.6 (0.47) 1.8 (+/- 0.56) <0.0001 

Estradiol (nmol/L)  0.1 (+/-0.07) 0.10 (+/- 0.06) 0.10 (+/- 0.07) 0.11 

Sex Hormone Binding Globulin (nmol/L) 49.6 (+/- 25.5) 56.3 (+/- 26.5) 49.2 (+/- 25.3) 0.0002 

     

*t-tests for continuous variables and chi-square analysis for categorical variables 
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Table 2.  Univariate analysis of Prevalent PAD by gender at exam 1 
 Females Males 

 N 

2514 

Prevalent 

PAD at 

Exam1 

(ABI <0.9) 

N= 98 

No PAD at 

Exam 1 

(ABI >0.9) 

N=2416 

p N 

3195 

Prevalent PAD at 

Exam1 

(ABI <0.9) 

N= 119 

No PAD at 

Exam 1 

(ABI >0.9) 

N= 3076 

p 

Race/Ethnicity      <0.0001   <0.00

01 

 White (1) 783  26 (3.3) 757 (96.7)  1251 35 (2.8) 1216 (97.2)  

 Chinese (2) 336 7 (2.1) 329 (97.9)  389 4 (1.0) 385 (99.0)  

Black/African 

American (3) 

782 52 (6.7) 730 (93.3)  841 59 (7.0) 782 (93.0)  

Hispanic (4) 613 13 (2.1) 600 (97.9)  714 21 (2.9) 693 (97.1)  

Age (years) Mean Age   72.1 (+/- 9.6) 62.4 (+/- 10.7) <0.0001  70.8(+/-8.4) 62.4(+/-10.2) <0.00

01 

Age (quartiles)   <0.0001    <0.00

01 

 45-54  774 10 (1.3) 764 (38.7)  904 7 (0.78) 897 (99.2)  

55-64  599 9 (1.5) 590 (98.5)  879 16 (1.8) 863 (98.2)  

65-74  734 32 (4.36) 702 (95.6)  957 58 (6.1) 899 (93.9)  

75-84  407 47 (11.5) 360 (88.5)  455 38 (8.3) 417 (91.7)  

BMI   28.6 (+/- 5.9) 28.8 (+/- 6.3) 0.52  27.5(+/-4.6) 27.9(+/-45) 0.34 

Cigarette 

Smoking Status  

  0.07    <0.00

01 

 Never Smoker  1581 52 (3.3) 1529 (96.7)  1292 28 (2.2) 1264 (97.8)  

Former Smoker  640 28 (4.4) 612 (95.6)  1427 56 (3.9) 1371 (96.1)  

Current Smoker 287 17 (5.9) 270 (94.1)  466 35 (7.5) 431 (92.5)  

Diabetes     <0.0001    0.00

03 

 Yes 277 28 (10.1) 249 (89.9)  387 27 (7.0) 360 (93.0)  

 No 2236 70 (3.1) 2166  (96.9)  2807 92 (3.3) 2715 (96.7  

Hypertension     <0.0001    <0.00

01 

 Yes 1142 73 (6.4) 1069 (93.6)  1369 85 (6.2) 1284 (93.8)  

 No 1372 25 (1.8) 1347 (98.2)  1826 34 (1.9) 1792 (98.1)  

Kidney Disease   4(3.4)  0.64    0.52 
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 Yes 50 1 (2.0)) 49 (98)  66 4 (6.1) 62 (93.9)  

 No 2453 97 (4) 2356 (96.0)  3120 114 (3.7) 3005 (96.3)  

Fasting plasma glucose (mg/dL)   103.9(+/- 

33.1) 

96.3(+/-29.4) 0.01  107.2(+/-32.2) 99.8(+/-32.5) 0.01 

Serum Cholesterol (mg/dL)   207.1 (+/- 

36.2) 

200.1(+/- 36.7) 0.25  184.5(+/-34.8) 188.3(+/-34.9) 0.25 

Serum Low Density Lipoprotein 

(mg/dL)  

 128.3(+/-

34.2) 

120.8(+/-32.1) 0.03  115.6(+/-32.2) 116.8(+/-30.9) 0.70 

Serum High Density Lipoprotein 

(mg/dL) 

 53.2(+/-14.7) 54.5(+/-14.3) 0.40  44.5(+/-11.8) 45.0(11.8) 0.61 

Interleukin-2 (pg/mL)   1020(+/-

516.6) 

964(+/-443.1) 0.49  1089(+/-531.1) 992.7(+/467.5) 0.18 

Interluekin-6 (pg/ml)   2.24(+/-1.57) 1.62(+/-1.2) 0.0003  2.14(+/-1.31) 1.47(+/-1.18) <0.00

01 

C-Reactive Protein (mg/L)   5.7(+/-6.8) 4.05(+/-5.7) 0.008  5.61(+/-11.3) 2.79(+/-5.14) 0.00

81 

Creatinine (mg/dL)   1.02(+/-0.59) 0.84(+/-0.17) 0.004  1.18(+/-0.43) 1.06(+/-0.22) 0.00

48 

Total Testosterone (nmol/L)   1.33(+/-2.0)  1.11(+/-0.87) 0.78  14.78(+/-6.18) 14.93(+/-5.5) 0.78 

Bioavailable Testosterone (nmol/L)   0.37(+/-0.62) 0.32(+/-0.30 0.49  4.78(+/-1.80) 5.47(+/-2.11) 0.00

02 

Free Testosterone (%)   1.38(+/-0.41) 1.51(+/-0.51) 0.0047  1.78(+/-0.43) 2.00(+/-0.51) <0.00

01 

Estradiol (nmol/L)   0.07(+/-0.04) 0.08(+/-0.08) 0.07  0.12(+/-0.06) 0.12(+/-0.05) 0.90 

Sex Hormone Binding Globulin 

(nmol/L)  

 62.4(+/-30.8) 57.2(+/-31.2) 0.11  51.0(+/-21.02) 44.2(+/-19.2) 0.00

02 

*t-tests for continuous variables and chi-square analysis for categorical variables 

 

  



65 
 

Table 3.  Adjusted cross-sectional evaluation of prevalent PAD and baseline sex hormones.   

Odds Ratios with 95% CI are presented for a one SD change in sex hormone level 

  Females Males 

 SD OR (95% CI) p SD OR (95% CI) p 

Single Hormone Adjusted for age and race 

 Total Testosterone (nmol/L) 0.95 1.10 (0.95-1.26) 0.21 5.54 1.07 (0.89-1.29) 0.46 

 Bioavailable Testosterone (nmol/L) 0.33 1.10 (0.95-1.27) 0.21 2.60 0.98 (0.79-1.23) 0.88 

 Free Testosterone (%) 0.51 0.95 (0.75-1.20) 0.65 0.51 0.89 (0.71-1.11) 0.31 

 Estradiol (nmol/L) 0.08 0.96 (0.70-1.30) 0.77 0.05  1.09 (0.93-1.29) 0.29 

 SHBG (nmol/L) 31.2 1.00(0.81-1.24) 0.99 19.3 1.07 (0.89-1.29) 0.46 

Single Hormone Adjusted for common cardiovascular risk factors (race, tobacco use, diabetes, hypertension, age, BMI, cholesterol, glucose, CRP, 

IL-6, creatinine, LDL, and HDL) 

 Total Testosterone (nmol/L) 0.95 1.12 (0.96-1.31) 0.16 5.54 1.10 (0.90-1.36) 0.36 

 Bioavailable Testosterone (nmol/L) 0.33 1.12 (0.94-1.30) 0.21 2.12 0.97 (0.76-1.24) 0.80 

 Free Testosterone (%) 0.51 0.81 (0.60-1.09) 0.16 0.50 0.85(0.65-1.10) 0.23 

 Estradiol (nmol/L) 0.08 0.99 (0.70-1.39) 0.93 0.05 1.09 (0.91-1.29) 0.35 

 SHBG (nmol/L) 31.4 1.14 (0.88-1.46) 0.32 19.2 1.13 (0.92-1.40) 0.25 
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Table 4.  Univariate analysis of incident PAD at exam 5 (overall) 
 Evaluated  Cohort Incident PAD at Exam5 

 

No  Incident PAD at Exam5 

 

p 

  N=3678 N= 140 N=3538  

Race/Ethnicity  3678   <0.0001 

 White  1395 (37.9) 45 (3.2) 1350 (96.8)  

Chinese  475 (12.9) 12 (2.5) 463 (97.5)  

Black/African American  966 (26.3) 64 (6.6) 902 (93.4)  

Hispanic  842 (22.9) 19 (2.3) 823 (97.7)  

Gender  3678  0.0006 

 Female  1609 (43.8) 81 (5.0) 1528 (95.0)  

 Male  2069 (56.2) 59 (2.9) 2010 (97.1)  

Age (years) at Exam 1 Mean Age   68.2 (+/- 8.9) 60.1 (+/- 9.6) <0.0001 

ABI at Exam 1   1.06 (+/- 0.10) 1.14 (0.09) <0.0001 

BMI at Exam 1  28.9 (+/- 5.4) 28.3 (5.3) 0.20 

Cardiovascular Risk Factors 

Cigarette Smoking Status  3674  0.06 

 Never Smoker  1893 (51.5) 65 (3.4) 1828 (96.6)  

Former Smoker  1332 (36.3) 49 (3.7) 1283 (96.3)  

Current Smoker  449 (12.2) 26 (5.8) 423 (94.2)  

Diabetes  3677  <0.0001 

 Yes 336 (9.1) 31 (9.2) 305 (90.8)  

 No 3341 (90.9) 109 (3.3) 3232 (96.7)  

Hypertension  3678  <0.0001 

 Yes  1424 (38.7) 90 (6.3) 1334 (93.7)  

 No 2254 (61.3) 50 (2.2) 2204 (97.8)  

Kidney Disease    0.47 

 Yes 69 (1.9) 1 (1.5) 68 (98.5)  

 No 3598 (97.9) 139 (3.9) 3459 (96.1)  

 Unknown 10 (0.2) 0 (0) 10 (100)  

Biochemical Assays 

Fasting plasma glucose (mg/dL)   104.8 (+/- 34.7) 95.5 (+/- 26.5) 0.002 

Serum Cholesterol (mg/dL)   194.2 (+/- 37.5) 193.7 (+/- 35.6) 0.86 

Serum Low Density Lipoprotein (mg/dL)   120.1 (+/- 33.5) 118.9 (+/- 31.1) 0.65 

Serum High Density Lipoprotein (mg/dL   47.9 (+/- 12.7) 49.3 (+/- 13.7) 0.22 

Interluekin-6 (pg/ml)   1.90 (+/- 1.2) 1.4 (+/-1.1) <0.0001 

C-Reactive Protein (mg/L)   4.1 (+/- 4.8) 3.1 (+/- 4.5) 0.008 
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Serum Creatinine (mg/dL)   0.98 (+/- 0.35) 0.96 (+/- 0.21) 0.57 

Sex Hormone Variables  

Total Testosterone (nmol/L)  7.4 (+/- 8.3) 9.9 (+/- 7.9) 0.0004 

Bioavailable Testosterone (nmol/L)  2.6 (+/- 2.8) 3.7 (+/- 3.0) <0.0001 

Free Testosterone (%)   1.7 (+/- 0.53) 1.9 (+/- 0.57) 0.001 

Estradiol (nmol/L)   0.09 (+/- 0.07) 0.10 (+/- 0.07) 0.12 

Sex Hormone Binding Globulin (nmol/L)  51.7 (+/- 26.6) 47.4 (+/- 24.3) 0.05 

     

*t-tests for continuous variables and chi-square analysis for categorical variables; ** risk factors 
evaluated are from baseline (exam 1). 
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Table 5.  Univariate analysis of Incident PAD by gender at exam 5 

 Females Males 

 N 

1609 

Incident 

PAD at 

Exam 5 

N= 81 

No Incident 

PAD at Exam 

5 

N=1528 

p N 

2069 

Incident  

PAD at 

Exam 5 

N= 59 

No Incident 

PAD at Exam 

5 

N = 2010 

p 

Race/Ethnicity   1609   0.20 2069   <0.0001 

 White  527 

(32.8) 

27 (5.1) 500 (94.9)  868 

(42) 

18 (2.1) 850 (97.9)  

 Chinese 210 

(13.1) 

10 (4.8) 200 (95.2)  265 

(12.8) 

2 (0.8) 263 (99.2)  

Black/African 

American 

477 

(29.6) 

31 (6.5) 446 (93.5)  489 

(23.6) 

33 (6.8) 456 (93.2  

Hispanic 395 

(24.5) 

13 (3.3) 382 (96.7)  447 

(21.6) 

6 (1.3) 441 (98.7)  

Age (years) at Exam 1  68.6 (+/-

9.7) 

59.9 (+/- 9.9) <0.0001  67.6 (+/- 

7.8) 

60.3 (+/- 

9.33) 

<0.0001 

ABI at Exam 1  1.04 (+/- 

0.08) 

1.11 (+/- 

0.09) 

<0.0001  1.09 (+/- 

0.12) 

1.17 (+/- 

0.09) 

<0.0001 

BMI at Exam 1  29.5 (+/- 

6.3) 

28.9 (6.2) 0.39  28.2 (+/- 

4.0) 

27.9 (+/- 4.4) 0.7 

Cigarette Smoking Status at Exam 

1 

1609  0.13 2065   0.20 

 Never Smoker  1005 

(62.5) 

43 (4.3) 962 (95.7)  888 

(43.0) 

22 (2.5) 866 (97.5)  

Former Smoker  419 

(26.0) 

24 (5.7) 395 (94.3)  913 

(44.2) 

25 (2.7) 888 (97.3)  

Current Smoker 185 

(11.5) 

14 (7.6) 171 (92.4)  264 

(12.8) 

12 (4.6) 252 (95.4)  

Diabetes  1609   0.00016 2068   <0.0001 

 Yes 129 

(8.0) 

14 (10.9) 115 (89.1)  207 

(10.0) 

17 (8.2) 190 (91.8)  

 No 1480 

(92.0) 

67 (4.5) 1413 (95.5)  1861 

(90.0) 

42 (2.3) 1819 (97.7)  

Hypertension  1609   <0.0001 2069   <0.0001 

 Yes 633 

(39.3) 

52 (8.2) 581 (91.8)  791 

(38.2) 

38 (4.8) 753 (95.2)  
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 No 976 

(60.7) 

29 (3.0) 947 (97.0)  1278 

(61.8) 

21 (1.6) 1257 (98.4)  

Kidney Disease  1609   0.76 2068   0.53 

 Yes 31 

(1.9) 

1 (3.2) 30 (96.8)  38 

(1.8) 

0 (0) 38 (100)  

 No 1572 

(97.7) 

80 (5.1) 1492 (94.9)  2026 

(98.0) 

59 (2.9) 1967 (97.1)  

 Unknown 6 (0.4) 0 (0) 6 (100)  4 (0.2) 0 (0) 4 (100)  

Fasting plasma glucose (mg/dL)   104.2 (+/- 

36.5) 

93.2 (+/-

26.1) 

0.009  105.6 (+/- 

32.4) 

97.3 (+/- 

26.7) 

0.05 

Serum Cholesterol (mg/dL)   202.5 (+/- 

39.4) 

200.8 (+/- 

36.3) 

0.68  182.9 (+/- 

31.5) 

188.3 (+/- 

34.0) 

0.23 

Serum Low Density Lipoprotein 

(mg/dL)  

 125.3 (+/- 

36.4) 

121.5 (+/- 

31.7) 

0.31  113.1 (+/- 

27.9) 

116.9 (+/- 

30.6) 

0.35 

Serum High Density Lipoprotein 

(mg/dL) 

 51.2 (+/- 

12.1) 

55.1 (+/- 

14.5) 

0.007  43.2 (+/- 

12.1) 

44.9 (+/- 

11.3) 

0.27 

Interluekin-6 (pg/ml)   2.0 (+/- 1.2 1.5 (+/- 1.1) 0.0006  1.82 (+/- 

1.3) 

1.34 (+/- 1.1) 0.0009 

C-Reactive Protein (mg/L)   4.5 (+/- 4.4) 3.8 (+/- 4.8) 0.17  3.4 (+/- 5.4) 2.5 (+/-4.2) 0.19 

Creatinine (mg/dL)   0.87 (+/- 

0.19) 

0.84 (+/- 

0.16) 

0.20  1.1 (+/- 0.4) 1.1 (+/- 0.2) 0.19 

Total Testosterone (nmol/L)   1.03 (+/- 

0.82) 

1.08 (+/- 

0.78) 

0.58  15.6 (+/- 

5.9) 

14.9 (+/- 5.2) 0.28 

Bioavailable Testosterone 

(nmol/L)  

 0.32 (+/-

0.34) 

0.32 (+/- 

0.29) 

0.92  5.4 (+/- 1.8) 5.6 (+/- 1.9) 0.51 

Free Testosterone (%)   1.52 (+/- 

0.55) 

1.51 (+/- 

0.51) 

0.84  1.9 (+/- 0.4) 2.1 (+/- 0.5) 0.03 

Estradiol (nmol/L)   0.08 (+/- 

0.08) 

0.08 (+/- 

0.09) 

0.95  0.12 (+/- 

0.04) 

0.12 (+/- 

0.05) 

0.68 

Sex Hormone Binding Globulin 

(nmol/L)  

 56.0 (+/- 

30.8) 

57.1 (+/- 

31.0) 

0.76  46.2 (+/- 

18.7) 

42.0 (+/- 

17.3) 

0.07 

*t-tests for continuous variables and chi-square analysis for categorical variables.  ** risk factors 
evaluated are from baseline (exam 1). 
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Table 6. Adjusted cross-sectional evaluation of incident PAD and baseline endogenous sex hormones.  

 Odds Ratios with 95% CI are presented for a one SD change in sex hormone level 

  Females Males 

 SD OR (95% CI) p SD OR (95% CI) p 

Single Hormone Adjusted for age and race 

 Total Testosterone (nmol/L) 0.79 0.88 (0.66-1.16) 0.36 5.27 1..22 (0.96-1.55) 0.11 

 Bioavailable Testosterone (nmol/L) 0.29 1.04 (0.83-1.31) 0.71 1.91 1.23 (0.97-1.57) 0.08 

 Free Testosterone (%) 0.51 1.23 (0.96-1.58) 0.12 0.49 1.10 (0.77-1.44) 0.74 

 Estradiol (nmol/L) 0.09 1.10 (0.86-1.39) 0.46 0.05 0.96 (0.74-1.26) 0.78 

 SHBG (nmol/L) 31.0 0.83 (0.63-1.10) 0.19 17.4 1.00 (0.76-1.31) 0.46 

Single Hormone Adjusted for common cardiovascular risk factors (race, tobacco use, diabetes, hypertension, age, BMI, cholesterol, glucose, CRP, 

IL-6, creatinine, LDL, and HDL) 

 Total Testosterone (nmol/L) 0.78 0.82 (0.60-1.12) 0.21 5.31 1.28 (0.98-1.67) 0.07 

 Bioavailable Testosterone (nmol/L) 0.29 0.93 (0.68-1.25) 0.61 1.92 122 (0.94-1.58) 0.13 

 Free Testosterone (%) 0.51 1.02 (0.76-1.39) 0.88 0.49 0.97 (0.69-1.36) 0.85 

 Estradiol (nmol/L) 0.09 1.14 (0.88-1.48) 0.34 0.05 0.81 (0.59-1.12) 0.20 

 SHBG (nmol/L) 31.1 1.02 (0.75-1.40) 0.89 17.5 1.08 (0.81-1.43) 0.61 
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Chapter 3:  Ancillary Analysis/Future Directions 

Introduction 

 In the previous chapter we presented an evaluation of the association between baseline 

endogenous sex hormones and incident/prevalent PAD as well as the association between 

baseline endogenous sex hormones and ABI.  While our study did not find a significant 

association between baseline sex hormones and prevalent PAD, incident PAD, or baseline ABI in 

men and women, it did evaluate for several other risk factors for PAD including age, 

race/ethnicity, and, comorbid conditions and other anthropometrics.  In Chapter 2 we 

presented results of multivariable models with specific emphasis on sex hormones.  While the 

results did not show significant associations for sex hormones, there were several risk factors for 

PAD that were significant.  The multivariable models are presented in this chapter.   

Prevalent PAD 

  

While our analysis discussed in chapter 2 did not find any significant associations between 

baseline endogenous sex hormones and prevalent PAD in the MESA cohort, several known risk 

factors for PAD were found to be predictive of prevalent PAD in the cohort.   

 In women, age at exam 1 was strongly associated with prevalent PAD (OR 2.39; 

p<0.0001) with a 2.4 fold increased odds per standard deviation increase in age.  Likewise, black 

race (OR 2.01), current smoking (OR 2.32), diabetes (OR 3.2), increasing IL-6 (OR 1.3), and 

elevated serum creatinine (OR 1.27) were all significantly associated with increased prevalent 

PAD in women.  In men, age at exam 1 was also strongly associated with prevalent PAD (OR 2.5; 

p<0.0001).  Black race (OR 1.92), Current smoking (OR 5.27), and increasing IL-6 levels (OR 1.32) 

were also associated with increased prevalence of PAD in men.  These findings are consistent 



72 
 

with previously-published known risks for PAD and overall cardiovascular risk.  While the focus 

of this thesis was on the role of sex hormones and prevalent/incident PAD, it is important to 

note that our models are consistent with previous extensive literature regarding known risk 

factors for PAD and these risk factors certainly demand attention to help mitigate the risk of 

major adverse limb events as well as overall cardiovascular morbidity and mortality. 

   

 

Table 7.  Multivariate analysis of risk factors for PAD and prevalent PAD in the MESA cohort. 
 Females Males 

SD OR (95% CI) p SD OR (95% CI) P 

Race (vs. White Race)  

 Chinese  - 0.73 (0.28-1.88) 0.35 - 0.34 (0.12-1.00) 0.02 

Black - 2.01 (1.14-3.75) 0.0007 - 1.92 (1.16-3.20) 0.0001 

Hispanic - 0.66 (0.31-1.41) 0.11 - 0.92 (0.49-1.73) 0.85 

Smoking Status (vs. Never Smoker) at 

Exam 1 

 

 Former Smoker - 1.30(0.76-2.23) 0.57 - 1.78 (1.06-3.00) 0.25 

Current Smoker - 2.32 (1.13-4.79) 0.04 - 5.27 (2.82-9.86) <0.0001 

Diabetes - 3.25 (1.68-6.32) 0.0005 - 1.52 (0.82-2.85) 0.19 

Hypertension - 1.32 (0.77-2.26) 0.32 - 1.85 (1.16-2.97) 0.10 

Age at Exam 1 (Years) 9.3 2.39 (1.77-3.22) <0.0001 10.26 2.5 (1.90-3.29) <0.0001 

BMI at Exam 1 6.04 0.71 (0.53-0.95) 0.02 4.43 0.73 (0.57-0.94) 0.01 

Serum Cholesterol (mg/dL) 35.7 1.34 (0.59-3.06) 0.48 34.1 1.14 (0.94-1.39) 0.25 

Serum High Density Lipoprotein (mg/dL) 14.5 0.71 (0.50-1.00) 0.05 11.7 0.86 (0.66-1.13) 0.28 

Serum Low Density Lipoprotein (mg/dL) 32.5 1.04 (0.46-2.34) 0.92 30.98 1.82 (0.91-3.63) 0.09 

Fasting Plasma Glucose (mg/dL) 28.2 0.93 (0.71-1.20) 0.57 31.48 1.14 (0.94-1.39) 0.18 

Interleukin – 6 (pg/ml) 1.26 1.30 (1.05-1.62) 0.02 1.19 1.32 (1.10-1.57) 0.0022 

C-Reactive Protein (mg/L) 5.34 1.06 (0.86-1.31) 0.57 4.40 1.03 (0.88-1.20) 0.72 

Creatinine (mg/dL) 0.22 1.27 (1.06-1.52) 0.0088 0.23 1.11 (0.97-1.27) 0.15 
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Incident PAD 

 In our analysis, several known risk factors were also found to be predictive of incident 

PAD in the MESA cohort on multivariate analysis.  In women, current smoking at exam 1 (OR 

4.95), higher age at exam 1 (OR 2.49), and higher fasting plasma glucose at exam 1 (OR 1.41) 

were all significantly associated with increased risk of incident PAD over the course of the study.  

These findings are all consistent with known risk factors for PAD.  Interestingly, increasing serum 

HDL levels (OR 0.64) and Hispanic race (OR 0.44) were protective of incident PAD in women of 

the MESA cohort. 

 In men, black race (OR 4.00) and diabetes (OR 3.62) were most strongly associated with 

increased risk of incident PAD.  Age at exam 1 (OR 2.52) and increasing IL-6 levels were also 

significantly associated with increased risk for incident PAD in men.  Increasing HDL (OR 0.64) 

was protective in men in the cohort.  These findings are consistent with previously reported 

known risk factors for PAD. 

Table 8.  Multivariate analysis of risk factors for PAD and incident PAD in the MESA cohort. 
 Females Males 

SD OR (95% CI) P SD OR (95% CI) P 

Race (vs. White Race)  

 Chinese  - 0.96 (0.40-2.31) 0.64 - 0.27 (0.06-1.25) 0.05 

Black - 1.11 (0.56-2.18) 0.25 - 4.00 (2.00-8.00) <0.0001 

Hispanic - 0.44 (0.20-0.98) 0.02 - 0.49 (0.17-1.38) 0.17 

Smoking Status (vs. Never Smoker) at 

Exam 1 

 

 Former Smoker - 1.53 (0.83-2.82) 0.22 - 0.86 (0.46-1.61) 0.15 

Current Smoker - 4.95 (2.28-10.77) 0.0002 - 1.83 (0.78-4.28) 0.09 

Diabetes - 0.84 (0.35-2.06) 0.71 - 3.62 (1.54-8.54) 0.003 

Hypertension - 1.83 (1.05-3.18) 0.03 - 1.45 (0.78-2.72) 0.24 

Age at Exam 1 (Years) 8.68 2.49 (1.84-3.37) <0.0001 9.40 2.52 (1.79-3.55) <0.0001 

BMI at Exam 1 5.87 0.82 (0.60-1.14) 0.24 4.39 0.76 (0.54-1.09) 0.14 

Serum Cholesterol (mg/dL) 35.4 0.96 (0.41-2.27) 0.93 33.6 1.80 (0.76-4.23) 0.18 
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Serum High Density Lipoprotein (mg/dL) 14.7 0.64 (0.44-0.94) 0.02 11.3 0.64 (0.45-0.91) 0.01 

Serum Low Density Lipoprotein (mg/dL) 32.4 1.25 (0.54-2.92) 0.60 30.5 0.68 (0.29-1.59) 0.38 

Fasting Plasma Glucose (mg/dL) 25.7 1.41 (1.11-1.80) 0.005 26.5 0.91 (0.66-1.27) 0.58 

Interleukin – 6 (pg/ml) 1.15 1.24 (0.97-1.58) 0.08 1.09 1.35 (1.04-1.76) 0.03 

C-Reactive Protein (mg/L) 4.47 0.98 (0.75-1.29) 0.90 4.06 0.99 (0.75-1.30) 0.91 

Creatinine (mg/dL) 0.16 0.91 (0.70-1.19) 0.48 0.20 0.99 (0.78-1.24) 0.90 
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PROFESSIONAL MEMBERSHIPS:  

   
 
  2008  Arnold P. Gold Foundation Gold Humanism Honor Society 
   2014-2018 Vascular and Endovascular Surgery Society –Member 
   2015  Southern Association for Vascular Surgery – Candidate Member 
   2015  Society for Vascular Surgery 
   2017  American College of Surgeons – Associate Fellow Member 
   2018  Vascular & Endovascular Surgery Society - Member 
 
HONORS AND AWARDS: 
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MENTORING RELATIONSHIPS:  

 

 Resident and Fellows 

  

  2017 – Present Charles Hartranft, DO 

    Vascular and Endovascular Surgery Fellowship 

Program 
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